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Several forms for wireless power transfer exists - Microwave, Laser, Sound, Inductive,
Capacitive etc. Among these, the Inductive Power Transfer Systems (IPT) are the most
extensively used form of wireless power transfer. Due to the utilization of magnetics the
inductive power transfer system suffers from Electromagnetic Interference (EMI) issues.
Due to the utilization of magnetic field to transfer power, the system is not preferred in
an environment with metals and cannot transfer power through metal barriers.
Capacitive Power Transfer System (CPT) is an emerging field in the area of wireless
power transfer. The antennae of the CPT system, constitute two metal plates which
are separated by a dielectric (air). When energised, the metal plates along with the
dielectric resemble a loosely coupled capacitor, hence the term capacitive power transfer.
The capacitive system utilizes electric field to transfer power and therefore eliminating
electromagnetic interference issues. The system has low standing power losses, good
anti-interference ability. The advantages, make the CPT system a dynamic alternative
to the traditional wireless inductive system.
As the area is still in its infancy, the first part of this thesis is dedicated to an
extensive study on the literature available on the CPT systems and the basic operation
of the system. From, the study it was evident that CPT systems have efficiencies ranging
between 60% to 80%. The major limitation apart from its poor efficiency was that the
systems were predominately utilized for low power and small air-gap (less than 1cm)
applications. This was mainly due to the development of very high voltages across the
plates of the capacitive interface.
The main aim of the thesis, is to develop a high power system for small and large
air-gaps applications, concurrently possessing high efficiency. To tackle the problems
stated, two modified converters where proposed. The first proposed topology could yield
higher power transfer for small air-gap applications. The topology proposed exhibits
better efficiency and has several advantages compared to the existing topologies for small
air gap applications. The second topology is called the Dual LC topology, which reduces
the voltage stress across the capacitive interface enabling the CPT system to be used
for large air gap applications. The Dual LC topology showcases excellent efficiency for
variation in air-gap and under misalignment conditions. In final section of this thesis,
the CPT system is extended to charging an industrial electric vehicle (IEV). As the
requirement of charging an IEV varies depending on its battery pack. The power flow
and control for the CPT systems is implemented.
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The world is powered using electric energy. Electricity is as essential as air, foodand water to human life. As we travel, we observe that trillions of dollars havebeen invested in the infrastructure (transmission lines) to transfer power from
its generated point to where its utilized. The other technology we utilize are batteries.
Batteries are utilized in innumerable applications ranging from industrial to commercial.
However, most of the charging of batteries are done with the use of power chords. The
advantage of wired power is that the system is widely used and well established. As
this has been around for a long time highly efficient and reliable systems have been
developed. The wired technology is least expensive and can be used for any power level.
However, there are plenty of drawbacks when it comes to the use of wired power. The use
of cables always requires human intervention right from plugging and unplugging. At
higher power levels, the cables/power chords are heavy and expensive. Another problem
with cables are that they can be damaged. Damages to cables can be caused by rodent
bites, manhandling, tripping etc. The possibility of electrical hazard caused due to rain
, snow or humid environment is eminent. Therefore, wireless power transfer has been
proposed which could transfer electric power to the appliance without the use of cables
or power chords. In some cases, the use of batteries have become redundant because of
technological advancements. An example of wireless technology we utilize and we do
not realise, is in the field of AC machines. An AC machine consists of a rotor and stator.




FIGURE 1.1. Schematic of an Inductive Power Transfer System
In the recent decade, abundant resources and research has been dedicated in the
area of wireless power transfer (WPT). The primary goal of WPT systems is to lose the
bulky power chords and batteries. The theory of transferring power without wires was
first formulated and demonstrated by Nikola Tesla in the early 1900’s [1] [2]. For almost
a century wireless transfer of power has been carried out with the help of magnetics
(coils and cores) [2] [3] [4] [5] [6] (as seen in Figure 1-1), hence the team inductive
power transfer (IPT). The use of magnetics made the system versatile to transfer power
across small and large air-gaps. IPT systems work on the principle of electromagnetic
induction. IPT systems have found its application in many fields such as roadway lighting
[7], transportation [6] [8], consumer electronics [9], and high power transmission [10].
Though IPT systems were widely accepted in many fields, the others discarded the
system cause of its limitations [11]. The use of electromagnetic field has an adverse effect
on health and environment. The statistical details published by WHO [12] states that
electromagnetic field causes general health problems, hypersensitivity and depression.
The properties of magnetic fields is that they attempt to form closed loops from pole to pole
and they all have the same the same strength. Therefore, the magnetic fields also effect
any electronics placed in its vicinity. Therefore, causing Electromagnetic Interference
(EMI) issues. Due to the EMI present, the electronics in the environment would require
additional shielding and go through rigorous electro magnetic compatibility testing.
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Another property of magnetic fields are that, they seek the path of least reluctance
between opposite poles and attempt to form a closed loop from pole to pole. Hence, from
the above property we observe that the IPT systems cannot be used in environments with
metal enclosures nor transfer power across metal barriers. The following disadvantages
made the IPT system to be discarded in critical and sensitive applications.
The main aim was to develop a system which is reliable and maintenance free for
critical applications. The power transfer systems are classified based on distance. The
operational frequency, ranges between kHz - MHz. The most popular alternative to
inductive power transfer were achieved with the help of capacitively coupling, magneto-
dynamic coupling, microwaves, light waves (laser, waves, optics) and acoustics. Acoustic
contactless energy transfer [13] [14], employed the use of electronic circuits and a trans-
ducer at the primary and secondary to act as antennas. The conversion efficiency from
optical or acoustic to electrical is between 20% - 35% [15] [16]. The cost of wireless sys-
tems utilizing light, microwaves and sound are very expensive and therefore mainly used
in military, drone and spacecraft platform applications. Power transfer achieved through
capacitive coupling proved to be inexpensive and efficient. Hence, can be considered as a
suitable candidate which could considered as a alternative to inductive power transfer
systems.
1.1 Wireless Capacitively Coupled Power Transfer
Systems
The first form of wireless power transfer that was achieved was power transfer through
capacitive coupling [1]. The experiment was conducted by Tesla in the year 1891 at
Columbia College , New York. In the following months, Tesla utilized inductors to
transfer power wirelessly [2]. The capacitive coupled system was forgotten after the
invention of inductive system. The capacitive coupled system was overlooked until the
year 2008. From 2008 - till date, several experiments have been conducted in the wireless
capacitive area and this area has had rapid development.
1.1.1 Principle of Operation
The capacitive power transfer (CPT) systems are fairly similar to the inductive power
transfer system. Figure 1-2 is a general schematic of a capacitive power transfer system.
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FIGURE 1.2. Schematic of an Contactless Capacitive Power Transfer System
The coupling capacitors constitute the heart of the CPT system. The power electronics
of the system is the work horse of the CPT system. An inverter is used to generate
AC signals from a DC source. The AC source is given to the Capacitive interface. The
coupling interface comprises of two metal plates that constitutes the transmitter and
receiver antenna; the plates are coated using a suitable dielectric/insulator. The plates
along with the dielectric coating resemble a loosely coupled capacitor [17]. The coupling
interfaces is the heart of the capacitive power transfer system. The coupling interface is
energized from an high frequency inverter. Therefore, when electric energy is supplied to
the primary plate of the capacitor an electric field is set up between the primary and the
secondary side plate. The electric field causes an displacement current to flow in between
the antenna of the system enabling power transfer. The coupling capacitors are metal
plates aligned in a way to resemble a loosely coupled capacitor. The geometries used for
the construction of the capacitor plates are parallel, disk , cylindrical and matrix .
An high frequency inverter is utilized to transfer power , because we know that the
capacitor has less reactance to high frequency signals AC signals and therefore allows
the passage of the high frequency signals. A compensation network is utilized to make
the system resonant and therefore at resonance minimum impedance is offered to the
flow of current and therefore maximum efficiency can be obtained. Therefore, most of the
CPT systems utilized are resonant in nature. The power that is transferred across the
capacitive interface is given to a rectifier. The rectifier , rectifies the AC signals to DC
and the output of the rectifier is given to the load.
Based on the coupling configurations, CPT systems are of two types
1. Unipolar Configuration : they comprise of two sets of asymmetric dipoles, which
constitute active and passive electrodes as shown in Figure 1-3. The primary plate
of the active electrode is connected to a high frequency inverter and the secondary
6
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is connected to the load. An inductor is connected in series to act as a compensator
and help in achieving resonance. The passive electrodes serve as a return path
for the flow of current. Power is transmitted making using of the electric field
generated by the coupling of the two sets of asymmetric dipoles.
FIGURE 1.3. Unipolar Configuration
FIGURE 1.4. Bipolar Configuration
2. Bipolar Configuration : is the most common configuration found in literature.
It consists of two sets of transmitter and receiver plates, therefore forming two
coupling capacitors. A high frequency inverter drives the transmitter plates with a
180 degree phase difference by a high alternating voltage. The receiver plates are
connected to the load. As we see in Figure 1-4, when one primary plate is positively
charged, the other primary plate has a negative charge and hence there exists
phase altering potentials. This causes an alternating electric field and hence power
is delivered to the load.
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1.2 Advantages of Capacitive Power Transfer
Systems
FIGURE 1.5. Electric Field Contained Between the Plates of the Capacitor
Capacitive power transfer (CPT) was one of the alternatives that was devised in their
pursuit to find alternative wireless technology. The capacitive power transfer systems
have unparalleled advantages over the traditional inductive power transfer systems ,
some of them are listed below:
1. Minimum EMI/EMC Issues : as mentioned earlier, when inductors are utilized,
magnetic field is generated that facilitates the transfer power. The magnetic field
has a property to form a closed loop from pole to pole and therefore effects all
the electronics present in its vicinity. When it comes to capacitive systems, power
is transferred with the help of electric field. The electric field has a property of
starting on the positive plate and ending on the negative plate. Therefore, the
electric field is contained between the plates of the capacitor. As electric field is
contained between plates and Zero Voltage Switching (ZVS) is employed, therefore
large dv/dt and di/dt are minimized which further minimizes the EMI. Hence these
devices can be used in sensitive instruments which needs decoupling from noise.
2. Transfer Power Across Metal Barriers: is not possible when it comes to IPT systems
as the magnetic field finds the path of least reluctance. Therefore, when the IPT
system is placed in an environment, the system has extremely low efficiency. If a
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metal plate is placed between the primary and secondary coil of the power transfer
system, eddy currents are induced in the metal plates and the magnetic field
completes the pole to pole completion through the metal plates.Therefore, does not
allow power to be transferred. In the case of CPT systems, the presence of metal
barriers does not affect the performance of the wireless system. If a metal plate
is introduced between the transmitter and receiver, the metal plate introduced
behaves as another plate of a capacitor forming two series capacitors between
the transmitter and receiver. The transfer of power remains unaffected and the
metal plate introduced also acts as a range extender. Based on this characteristic
the technology is suitable for applications where there are metal objects present
between the antennae. Therefore, the systems could be used in charging platforms
of mobiles, laptops, electric vehicles etc.
3. Low Standing Power Losses: The CPT system can be highly efficient due to the
absence of eddy currents. In an inductively coupled system, the transmitter and
receiver coil are nothing but a loosely coupled transformer. There are always eddy
current losses in an transformer. Eddy current losses are inherent in transformers.
The coils used can get heated due to the current in them. A CPT system would be a
better choice as eddy current losses are absent and the system has low standing
power losses. Due to its low standing power losses, the CPT system can be used in
biomedical implants.
4. Simplicity in Design: We know that the design of magnetics is a complete area by
itself. For an IPT system to perform at its best efficiency, the design of the magnetic
components is very critical. With introduction in various configuration of coils and
cores the design gets more complicated along the way. However, in case of a CPT
system, the design of the system is quite straight forward compared to the IPT
system, which makes the CPT system stand out and easily integrable with other
circuits.
5. The other advantages of the CPT system are that, they can simultaneously transfer
power and data. The containment of the field in between the plates, permits the
operation of more than one telemetric link which can be operated at the same
carrier frequency. This cannot be possible using IPT as the magnetic field can
interfere when many systems are operated at the same frequency. The CPT systems




The following advantages of the capacitively coupled system makes the CPT system
a great alternative to traditional wireless systems.
1.3 Literature Review and Challenges
1.3.1 Previous Work
The capacitive technology had been forgotten, until the year 2008. From 2008 till date
there has been extensive research carried out in the area of power transfer using
capacitive coupling. The technology is developing rapidly and companies such as Murata
[18] and C Motive Technologies [19] have based the development of products based on the
principle of Capacitive Coupling. The CPT had the attention of the wireless community
as it was a non-radiative form of power transfer. Although, the technology is relatively
new in the field of wireless power transfer, it has found its way into many applications.
The first time CPT used was by Nikola Tesla in the year 1891, where he used the
technology to power commonplace loads. The first officially recorded CPT application
was a US patent in the year 1966 [20]. The application was for underwater systems , to
transmit and receive electric signals at a frequency of 100kHz. A second US patent was
obtained in the year 1980 where CPT and IPT where used in tandem to transfer power
and signals to robot joints. CPT was used to transfer signals whereas the power transfer
was done with the help of Inductive coupling.
Inter-chip data and power [21] was one such applications was one of the earlier
uses of the CPT system. The CPT system had the ability to transfer power as well as
data/signals between the chips of a PCB board. The CPT system was used as a signal
isolator [22] as it had the property of inherent galvanic isolation [23] and low common
mode noise. As the system did not have EMI issues they were researched on for being
used in biomedical applications. Based on this technology biomedical instruments and
biomedical implants where researched upon by various universities [24]. With time,
the CPT system was used in making portable chargers for consumer electronics [18].
A company based off of University of Wisconsin [19] developed a power coupler that
replaces the slip ring of the wound field synchronous machine, eliminating the need for
contact due to the presence of slip rings. The technology was finally made used to charge
an electric car [25] [26] wirelessly. The CPT system was made to charge a Cobin sparrow
EV, which utilized a 1KW wireless CPT charger. The CPT system had an efficiency of
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81%.
1.3.2 Challenges
The advantages of capacitively coupled wireless system makes it very attractive for usage.
However, there are some limitations to the CPT systems which needs to be addressed in
order to use the technology at its full potential.
Theories and Background : The first limitation to the CPT system is the technology
itself. The capacitively technology is a new area of research by itself. Therefore, the
technology is still in its infancy stage. There are no concrete literature available on the
characteristic’s of the system, power flow, electric field distribution for multiple secondary
pickup etc. are few to name. Most of the literature available are application oriented.
Value of Coupling Capacitance: The CPT system is extremely challenging to
design compared to the IPT system, due to the low εo value of the capacitance. To
improve the capacitance of the coupling plates, dielectric materials with very high
dielectric constant are used. The use of such materials increases the cost of the system
and makes the technology unaffordable.
Distance and Power: we see the comparison of the CPT and IPT systems [27]. We
see that the IPT systems have much better efficiency compared to the CPT technology.
The CPT technology has an average efficiency ranging between 60-80%. The other
problem we notice from Figure 1-6 is the use of the CPT technology for applications less
than 1mm. Most of the literature available online use the CPT system when the distance
between the plates are less than 1mm. The CPT technology is mostly used in low power
applications. The main reason is the extremely high voltages that are developed across
the plates of the capacitor.
Operational Frequency: The other issue the system faces is the operation of the
system at very high voltages. In [28], we see that the system is switched at 100MHz to
reduce the voltage across the capacitor. Likewise [29], switching the circuit at 27MHz
causes the same the same problem. Most of the systems are switched in the MHz ranges.
The high frequency operation for the system is desirable, but with the increase in
frequency the parasitics will be more predominant in such systems. The parasitics will
affect the performance of the overall system. The other issue that arises with the use of
the system at such frequencies is the cost of the switches and gate drivers. Switches and
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FIGURE 1.6. Efficiency graphs of the CPT system with respect to power and gap
distance
gate drivers are available for such high frequency operation but are extremely expensive.
If the gate driver is built in house, the design becomes extremely difficult. Another
problem that arises, is the equipment that would be required to measure the waveforms
at such high frequencies. Even the cost of litz wire increases with increase in frequency.
Power Flow and Control: the realization of control schemes must be establish
for the CPT systems. Controls for misalignment, sudden load changes, change in the
distance between the plates. The controllers that are best suited for the topology must
be found.
1.3.3 Scope of Thesis
The challenges of the CPT system are numerous. In this thesis, the main aim is to
address the efficiency and distance issues faced by the wireless capacitive system. The
CPT system is predominantly utilized in low power applications and small air gap
applications. The efficiency of these systems generally range between 60-80%. The
12
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objective of the thesis is two part.
In the first part, is to develop a power electronic system that has efficiency upwards
of 90% and one which could be utilized for high power applications especially focused on
small air-gap applications. The analysis and design of the modified topology is detailed.
The comparison study of the performance of the proposed system with respect to existing
small air-gap systems are conducted.
The second part of the thesis address the distance issue of CPT systems. Generally
they are utilized in small air gap applications (below 1cm); reason: high voltages devel-
oped across the capacitor. In this section a compensator is designed which could make
the CPT system usable for large air gap and high power applications. The topology has
the ability to reduce the voltage across the main transfer capacitors and operated the
system at a low operating frequency.
• Chapter 1: Introduction
• Chapter 2: Deals with the need for compensation, compensator that are currently
available. (Detailed literature review)
• Chapter 3: Fundamental deduction of resonant converters, concept of mutual
coupling and configurations available in CPT systems. A guideline for the design of
capacitor is laid out. The information from this section is extremely important to
solve the two problems addressed in the thesis
• Chapter 4: The two proposed modified converters are detailed. The analysis of the
converters along with the design and results are given. The proposed topologies
are compared with respect to the existing CPT systems.
• Chapter 5: This section address the charging of a industrial electric vehicle using
wireless capacitive power transfer. Based on the analysis we notice that power flow
regulation and control has to be done in order to charge a battery. Therefore, two
controls are used to control the voltage to a desired level as per the battery pack
voltage and charge the industrial vehicle. The last part of this chapter gives a com-
parison between inductive and capacitive power transfer systems based on power
level, efficiency, tolerance with respect to change in distance and misalignment.
Finally, the cost analysis of the CPT system is detailed.
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• Chapter 6: summarises the main points of the thesis. The main contribution of this










CAPACITIVE POWER TRANSFER SYSTEMS
From Chapter 1, we get an overview of the working of the CPT system, the chapter is
dedicated to explain the building blocks of the CPT system, the importance of each part of
the circuit and the need for compensation. In the last section of this chapter, we go through
all the compensator that are currently being used in the system
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2.1 Working of CPT System
The basic schematic of a CPT system is illustrated in chapter 1. However, the main
aim of this thesis is to develop a highly efficient system for small and large air gap
applications. Therefore, the stage from the rectifier to the load is the area of interest in
the CPT system. A basic schematic of a generalised system is given in Figure 2-1.
FIGURE 2.1. Capacitive Power Transfer System
The building blocks of the CPT system is given in the above figure. Power electronics
is the drive force or the work horse of the capacitive power transfer system. Therefore,
its important to understand the power electronics requirement of a CPT system.
2.1.1 Power Electronics Requirement
Power Electronics plays a very significant role in the construction of the wireless system.
The power electronics that are required for wireless transfer are illustrated in Figure 1-2.
The system consists of a primary and a secondary side. A detailed study on the different
stages of the capacitively coupled system is explained below.
Primary Stage: is of substantial size and hence static in nature. The primary side
gets its input from a household 110V , 16A socket. The AC input is rectified using an
rectifier and the output is connected to a power factor correction stage. The PFC stage is
added so that the system conforms to the IEC 61000-3-2 [30] standards of IEEE. The
input side PFC stage has been reported in literature [31] [32]. The rectified output from
the PFC stage is store in a large capacitor which can be modelled as constant DC source.
The DC source is connected to a high frequency inverter. The switching frequency of the
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circuit ranges between KHz-MHz ranges. Listed below are few high frequency converters
that are suitable for capacitive power transfer systems.
1. Half and Full Bridge Inverters: are widely used in CPT systems. Detailed
analysis of this full bridge and half bridge architectures could be found in [33] [34]
[35] [36] . The capacitor in the series resonance architecture is modified to fit a
CPT system. Half bridge inverter is preferred over the full bridge because of its
low cost, less real estate, ease of control, multiple output configurations can be
implemented, inherent ZVS and low overall weight. The output of the full bridge is
twice that of the half bridge and the voltage stress on each of the switches is less
in a full bridge inverter.
2. Push-Pull Converter: utilizes signals from its resonant tank to drive the gates
of the switches instead of an external driver. The use of this topology for CPT
is evident from [37] [38]. The system is high efficient when operated under ZVS
conditions. Another important feature of the converter is the ability to realize
automatic start up. The modelling and analysis of the push pull converter for CPT
is detailed in [37] [38]. The main advantage of the topology is that no external
driver circuit is required and the topology can have high efficiency with variation
of coupling capacitance. The disadvantage of the converter is that it has a large
number of components and does not offer control of the frequency of operation.
3. Single Active Switch Converter: the idea was fairly new to use a DC-DC res-
onant converter to achieve power transfer [39] [40] . The design idea was to use
a single active switch converter to transfer power. Various converters like Cuk,
SEPIC and ZETA where examined as they have capacitors that can be modified
to fit a CPT system. The above mentioned converters are not suitable due to the
presence of DC bias voltage across the capacitor. After examination it was noticed
that a buck boost converter could be used as it has zero DC bias voltage across the
capacitors. For the first time power over 1KW was transferred using electrostatic
power transfer [40]. Among inverters the Class E inverters (single active switch)
[41] that are widely used in CPT systems.
Secondary Stage: consists of either an uncontrolled full diode bride rectifier or a
controlled rectifier to convert AC to DC. DC is required as most loads require a DC source.
The output of the rectifier is given to a DC-DC converter which either steps up or steps
down the power as per the requirement of the load. An active rectifier can also be used in
17
CHAPTER 2. CAPACITIVE POWER TRANSFER SYSTEMS
the secondary side but will only increase the cost of the overall system and hence diode
bridge rectifiers are commonly used in the secondary side.
Selection Criteria for Inverters Used in High Power Applications
The choice of inverter plays a vital role as the system efficiency and power level
depends on this factor. The class E inverters , single active switch converters and push
pull converters are used extensively in low power applications. The single active switch
(modified buck-boost topology) is extended for applications upto 1KW. However, due to
the presence of a single switch, the voltage the switch has to withstand is extremely
high. The failure rate also increases in this case. In this thesis we look at high power
applications. Therefore, we look into half bridge and full bridge topologies for an high
power application of view. Half bridge inverters are of two types: Half Bridge and
Asymmetrical Half bridge. The comparison of the three inverters are given is given in
Table 2.1.
FIGURE 2.2. Full Bridge Inverter and Half Bridge Inverters
Therefore, we notice that the AHB has maximum advantages compared to its prede-
cessors. However, can only be used for power levels upto 1.5kW. Therefore for application
below 1.5kW we could use the AHB and for applications above that we could use the full
bridge inverter. The half bridge inverter cause of its disadvantages. However, when its
comes to controlling the inverters, if a control scheme is developed for 1 system, it could
be used for the other two as well.
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Switching losses moderate least low
Voltage across
switches
low highest stress among
the three inverters
least
Power density low moderate high
Power Level 1kW below 1.5kW Greater than 1kW
Output voltage V0 = 4Vdc/2Π V0 = 2D(1−D).Vdc V0 = 4Vdc/Π
Duty cycle range 0 - 0.5 0 - 1 0 - 0.5
gain 0.5 0.5 1
2.1.2 Need for Compensation
The capacitive interface contains a equivalent series resistance (ESR) and an equivalent
series inductance (ESL). We know that the capacitor is a frequency dependent element
and therefore as the frequency in increased the reactance of the capacitor reduces and
allows AC signals to flow through the element. At a particular frequency the ESL and
the capacitor form a series resonant circuit enabling maximum flow of power (resistive
behaviour is noticed). This is called the self resonant frequency of the capacitor. The self
resonant frequency of the capacitor is generally in the order of few kHz -MHz. Therefore
the switching frequency of the converter also ranges between kHz-MHz range. When an
inverter is operated at such high frequencies, the efficiency of the converter is usually
high cause of switching losses. The on resistance ’RON’ and drain capacitance ’Cd’ are
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FIGURE 2.3. Coupling Capacitor
important parameters to be taken into consideration. When the inverter is hard switched
the losses in the inverters is given by 4CdV2sf where Vs is the supply voltage and f is the
frequency of operation. This is also called hard switching of the converter.
Therefore, to reduce the frequency of operation , compensator’s (inductors and capaci-
tors) are connected in series, series-parallel and composite networks to aid the capacitor
to achieve resonance, therefore making the power transfer system resonant in nature.
By making the system resonant another inherent characteristic is introduced in the
converter. This is called soft switching [42]. When soft switched the losses of the converter
are eliminated. Soft switching can be achieved by operating the converter in the zero
voltage switching (ZVS) or zero current switching (ZCS) region [42]. Most of the convert-
ers employ ZVS where drain capacitance charge is transferred to the inductor and hence
no current is drawn by the switch. There important reasons for using a compensation
networks is to form a resonant circuit. With resonance, the converter becomes inherently
soft switched and therefore switching losses in the system decreases, which in turn
increases the efficiency.
The reason we switch the converter at high frequency, is to reduce the component
sizing. The capacitor that is built in-house has a very low value of capacitance and at
low frequency it cannot achieve self-resonance and hence an inductor with a rather
large value is added in series to achieve resonance. The high value of inductor might
not be practical to realize for many applications. This problem is fixed by increasing the
switching frequency, which reduces the sizing of the components. This helps in reducing
the overall cost of the system and makes it portable for many applications. Hence, we can
see that there is a trade-off between the component sizing and the switching frequency.
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Important Note: At resonant frequency the voltage across the capacitor
and inductor are higher than that of the supply voltage. The voltage stress
across the resonant components are equal
2.2 First Harmonic Analysis of Resonant Systems
In the case of CPT systems, all are resonant in nature. The system as a whole capitalizes
on the phenomenon of resonance to transfer power. The analysis of resonant converters
are different from the analysis of normal converters. The method widely used for to
analyse resonant converters is called first harmonic approximation (FHA) or sinusoidal
approximation [43]. We know that, at resonance, the resonating network acts as a filter
eliminating higher order harmonics and forcing the current to be sinusoidal in nature
which is in-phase the output voltage of the inverter. Hence, current in the tank is well
approximated to its fundamental. The output of the tank drives the rectifier. As there is
negligible harmonics in the system, the harmonics of the rectifier voltage VR is neglected
and approximated to its first harmonic. The equivalent of the CPT system is given in
Figure 2-4.
FIGURE 2.4. Equivalent circuit for FHA
The system is divided into three parts, they are controlled switch side, resonant tank
and rectifier with capacitive filter. The compensator along with the coupling interface
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therefore current iR can be obtained using the above equation
(2.7) iR = VRRe
= Vs.H(s)
Re
therefore the voltage conversion ration (VCR) can be defined by
(2.8) V CR = Vo
Vdc














The resonant frequency of the converter is given as
(2.12) ω= 1p
LC
The Q factor of the converter :
(2.13) Q = ωL
R
The DC conversion ratio is approximately same as the AC transfer function of the circuit
evaluated at resonant frequency.The resonant frequency of a system is denoted by ω. It
should be noted that larger the resistance smaller the value of Q-factor. The resonance
circuit highly depends on its Q-factor. The Q-factor is a measure of the selectivity of
the resonant tank and the quality of merit in case of AC circuits as it indicates the
rate of energy loss of the capacitor. High Q-factor indicates a lower rate of energy loss
relative to the stored energy of the resonator. The procedure for the analysis of the CPT
was discussed. The analysis procedure can be applied to converters which integrate the
resonant compensator’s discussed in the thesis or any resonant circuit.
2.3 Compensation Networks
There are various compensation networks that are used in CPT system. The compen-
sator’s are divided into two sections: small air gap compensator’s and large air gap




2.3.1 Small Air Gap Applications
The compensation networks discussed are used in small air gap application, where the
air gap distance is generally less than 1mm. The networks are used in applications
where the value of the coupling interface ranges in the nano-farad(nF) range.
1. Single Resonator: when an inductor is connected in series to the coupling capacitors
they form a series compensator circuit as shown in figure 2.5. The LC Compensator is
also called as a traditional compensator’s as they are found to be used extensively in
the early years of the CPT technology [34] [35]. The resonant frequency of the system is
given by equation 10, where L is the equivalent inductance of the two inductors is series
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FIGURE 2.5. Series Compensator
and C is the equivalent capacitance of the coupling interface which can be obtained from
equation 12.
The peak gain of the system is achieved at the resonant frequency of the tank. The
resonant capacitor is in series with the load forming a voltage divider circuit and there-
fore the voltage gain of the circuit is always lower than 1. The Gain of the tank is equal
to 1 only when the system is operated at resonant frequency.
2. Parallel and Series Parallel Resonators: The second type of compensation used
in CPT systems are parallel and series parallel compensation.
FIGURE 2.6. Series Parallel Compensator
Fig 2.6(a) give the general schematic of a composite parallel resonant tank [44]. The
network provides reactive compensation and gain. The voltage gain provided by the
transformer in the primary side matching network provides voltage gain and allows low
voltage devices to be used. The inductor in the circuit serves two purposes, it behaves as
a compensator and interacts with the shunt capacitor providing additional voltage gain.
Figure 2.6(b) and 2.6(c) are series-parallel resonant tanks [37] [38]. In such com-
pensators, all the elements of the circuit are tuned to operate at a particular resonant
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frequency. These resonators are found in push-pull inverters and class E inverters .
These resonant tanks of existing topologies are modified to fit the CPT technology.
3. Composite LCL Topology: There are two kinds of LCL topologies found in litera-
ture. The first kind of compensator shown in figure 2.7 is a composite series compensator.
Detailed analysis of the topology can be found in [45]. The system can achieve higher
output than the compensator mentioned in Fig 2.5.
FIGURE 2.7. LCL compensator
The topology increases the power factor of the interface and achieves multiplication
of the load current with respect to the interface current therefore reducing the voltage
stress across the interface by a significant amount. This topology can achieve higher
output without the need to increase the frequency of operation. The system consists of
three resonant networks. All the elements in the topology must be tuned to the resonant
frequency of the system. The second topology is modified and used for a class E converter
[46]. The secondary LCL network increases the output power transfer and serves as a
band pass filter to reduce switching harmonics propagation from the power converter
to the load. The algorithm to design the secondary side LCL network is detailed in [46].
The design of the LCL topology are quite tedious.
The reason why the following compensator’s are used for small air gap applications
are as follows:
1. The main factor that is affected with distance is the value of capacitance. Previously,
the CPT system was exclusively used in small air-gap applications. The main aim
was to achieve maximum capacitance between the coupling interface [47] [48]. The
capacitances recorded in literature for close distance applications were in the order









Therefore, from the above two equations we see that as the distance between the
plates increases, capacitance decreases and voltage across the capacitor increase .
At resonance, when the inductor is in series to the capacitor, the voltage across the
FIGURE 2.8. Voltage Across Capacitor vs Capacitance
capacitor is much larger than the supply voltage (Figure(2.8)). Therefore, with low
capacitance the voltage developed across the capacitor is extremely high. Figure
(2.8) reveals the extremely high voltages built across the capacitive interface as
the capacitance decreases.
(2.17) Vc = Ic
ωCC
At resonance VC = VL From Equation (2.17) we see that to reduce the voltage
stress across the capacitor, we must either increase the capacitance of the coupling
interface or increase the frequency of operation. With increase in frequency, the
size of magnetics in the circuit reduces and therefore increases the portability of
the circuit. The drawback of using very high frequencies is that the cost of switches,
gate drives and other monitoring equipment increases. At high frequencies, the
parasitics in the circuit are more prominent and reduce the efficiency of the system
drastically.
2. Another reason to keep the voltage stress under control is the reactive power
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developed by the capacitor.




Where S is the total power across the capacitor. The imaginary part of the equation
is the reactive power and is directly affected to the voltage developed across the
capacitor. As the voltage developed is high, which increases the reactive power in
the circuit, this reactive power must be eliminated so that power can be transferred
with high efficiency.
3. Another problem with the development of high voltages is the dielectric breakdown
that could occur across the coupling interface. The importance is to maintain the
voltage and electric field under the safe operating region.
Therefore, due to the following reasons the compensator’s discussed are only suit-
able for small distance applications.
2.3.2 Large Air Gap Applications
Large air-gaps are generally rangers between 1cm - 30cm in the case of CPT systems. As
we increase the distance, the value of capacitance decreases. The coupling capacitance of
such applications are in the order of few pico farads. The compensator’s for long distance
applications are generally composite multi-resonant networks. The compensator’s have
lower voltage developed across the coupling interface, achieve unity power factor at both
input/output and eliminate the reactive power in the circuit ensuring high efficiency of
the system.
1. Double Sided LCLC Topology: is explained using the figure 2.9. The double sided
LCLC is nothing but the capacitive interface is placed in-between two LCLC resonators.
The circuit is modified to form a double sided LCL network [48]. Using the compact
double sided LCL configuration we can save space, however there is a compromise on
mutual capacitance of the system which in turn affects the voltage gain of the converter.
Analysis of both the configurations are detailed in [48]. The calculation of the resonant
frequency and the components are given as:
(2.19) Lr1 = 1/(ω2rCr1,Lr1 = Lra
(2.20) Lr2 = 1/(ω2rCr2,Lr2 = Lrb
27
CHAPTER 2. CAPACITIVE POWER TRANSFER SYSTEMS
FIGURE 2.9. Double Sided LCLC
(2.21) Cp1 = Cr2 +CCCrb/CC +Crb,Cp1 = Cp2
(2.22) ωr = 2π f
All the networks components have to be tuned to a particular resonant frequency. The
output of the topology is a constant current source. power is transferred over 150mm,
with an efficiency of 90.7%. The compact configuration was developed which transferred
power across 150mm exhibiting efficiencies as high as 85.87%. The network allows the
transfer of power over large distances and exhibits high efficiency even under under
misalignment conditions.
2. Double sided LCL Topology: was first reported in January 2016. The system
consists a modification of the double sided LCLC topology [48]. The only difference is
that the coupling structure is designed in such a way that the internal shunt capacitor is
obtained from the coupling capacitors arrangement itself.
The reason why the following topologies are used for large air gap applications is due
to the presence of multi-resonant circuits. The main issue was the low value of coupling
capacitance of the coupling interface and by connecting capacitors in parallel would be
the best solution. Therefore, in doing so, the coupling interface does not come in direct
contact with the inductor,thereby, reducing the voltage stress across the plates of the
capacitor by a great extent.
However, it is important to note that the long distance topologies are also resonant
topologies. The component count in these topologies are large, which makes the design
of the inductors extremely hard. It is impossible to get two inductors, having the same
inductance. With a slight change in any one of the inductance, the resonant frequency
of the system itself changes. Therefore, there arises the need for a compensation topology




The chapter in the thesis, explains the operation of the CPT system. The basic building
blocks of the CPT systems are explored in detail. The power electronics requirement
along with the need for compensation are discussed. There are various compensator’s
that are required for small and large air gap applications. The compensation topologies
that are currently present in literature are detailed in the chapter.
Therefore, the inference we obtain from looking at the compensators are as follows:
1. The small air gap compensator’s have an inductor that is connected in series to
the capacitive interface. In such a case, as the distance between the plates are
changed, the resonant frequency of the system changes and hence the circuit is no
longer operated at resonance. The other problem with small air gap compensator’s
is that they are generally switched at very high frequencies which limits the power
transfer ability. The switching frequency is limited by the power converter and
efficiency of the system. The efficiency of small air gap applications generally range
under 80%.
Therefore, the need for a small air gap system with a acceptable frequency limits
is required. The other requirement is the need for compensator that has accept-
able tolerance with respect to distance between the plates, usable for high power
applications, good response to change in frequency and must be highly efficient
2. The Large air gap compensator’s have contributed the most to the improvement
the CPT technology, enabling the technology to be used for large air gap application.
The double sided LCLC and LCL topology has their advantages. However, these
topologies are extremely hard to implement practically. There are six to eight
external components in the circuit which increases the complexity of the circuit.
The analysis of these circuits are extremely tedious as well. As these topologies are
multi resonant in nature designing them become even more hard. It is impossible
to get two inductors of the same value. Therefore, design becomes hard. As the
years go by, the value of inductances changes and then redesigning the circuit is
also a problem.
Therefore, a need for a simple yet effective compensation topology has arose. The topology
must be able to transfer power over large air gaps, have low voltage stress across the plates,
have ease in construction and must be highly efficiency for low to high power applications.
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STUDY ON THE CHARACTERISTICS AND BEHAVIOUR OF
THE COUPLING INTERFACE
The previous chapters gives us an insight on the building blocks of the capacitive power
transfer system. The choice of power electronic for the CPT system is detailed in the later
section of chapter 2. This chapter is dedicated to understand the characteristic’s and
behaviour of the CPT system. It is extremely important, as the Coupling Interface is the
heart of the wireless system. Therefore, the various coupling arrangements, structures,
concept of mutual capacitance and the factors affects the coupling interface is detailed in
this chapter.
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3.1 Need for Study of the Capacitive Interface
The previous chapters give a solid ground work to understand the working of a capacitive
power transfer system. Most of the details discussed in the earlier chapters are mostly
the related to power electronics and compensation. Understanding the behaviour of the
coupling interface is of prime importance in order to find solutions to its limitations.
The Coupling Interface is the most important part of the capacitive power transfer
system. The system interface comprises of metal plates which constitute the transmitter
and receiver; the plates are coated with a suitable dielectric/insulator. The plates with
the dielectric coating constitute a loosely coupled capacitor . Hence, when electric energy
is supplied to the primary plate of the capacitor an electric field is set up between the
two plates. Therefore, the electric field sets up a displacement current between the two
plates and hence energy is transferred from transmitter and receiver. This phenomenon
is termed as electric field coupling.
FIGURE 3.1. Power Loss in a CPT system
However, the CPT system has limitations. The construction of the capacitive interface
is the most vital part of the entire system. As the technology is still in its infancy stage
there is very little literature available on the analysis of the coupling structure [38]
[48]. From Figure 3-1 (data tabulated from previous literature that was available) we
observe that the coupling capacitors contribute to majority of its power loss making the
system inefficient. The systems limitations and drawbacks cannot be realised without
the analysis of the coupling capacitors. The coupling structure directly impacts the
maximum power transferred, output power, frequency and efficiency of the system.
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The value of the capacitance that is obtained between the coupling plates is very
important. The value of the coupling plates depends primarily on the structure of coupling
capacitance and the distance between the plates. Structure of the coupling capacitor can
be parallel plate, cylindrical, disk and matrix. To understand the behaviour of the system
we need to analyse the coupling capacitor. The arrangements of the coupling plates
also determines the capacitance that is obtained. A factor called mutual capacitance is
present which dictates the available capacitance for power transfer. A detailed study on
the coupling capacitance is undertaken in this chapter.
3.2 Coupling Capacitance
They exists two types of capacitive power transfer systems which is known to us from
chapter 1. The bipolar configuration is the most popular form of coupling structure
that commonly found in literature. The bipolar configuration consists of two pairs of
capacitive plates which ensure complete flexibility and considerate amount of research
has been focused on this configuration. However, the unipolar configuration is now
gaining popularity and being used in commercial applications. In order to analyse the
capacitive coupling interface the various capacitances formed during perfect alignment
and misalignment conditions must be studied. However, due to its prime importance of
the coupling capacitance, the analyses has been conducted which will aid to understand
the factors affecting the coupling capacitance.
The behaviour of the CPT system is far more complex compared to the traditional
IPT system. In terms of the IPT system the coupling coefficient is easily obtained due
to the presence of the magnetic flux linkage and the misalignment analysis is straight
forward. In the case of CPT systems, the analysis of the coupling structure is extremely
complex and during misalignment conditions. The other factors that come into play in
such conditions is the stray capacitance that exists between the capacitors and fringing
fields that are very evident in the case of parallel plate capacitors
However, for the case of simplicity the stray capacitances and fringing fields are
ignored. Figure 3-2 is a graphical representation of the CPT interface. The CPT interface
consists of four plates A, B, C, D. The possible misalignments of the plates are given
as well. The CPT system is said to be perfectly coupled when areas of Plate A = Plate
C and Plate B= Plate D forming capacitors CAC and CBD . When during cross coupling
conditions Plate A = Plate D and Plate B = Plate C forming capacitors CAD and CBC.
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FIGURE 3.2. Capacitive Interface
FIGURE 3.3. Electrical Representation of Misalignment Conditions
The last condition is the self-capacitance which is formed when the plates of the primary
and secondary face each other forming capacitors CAB and CCD . The system is modelled
as an electric circuit represented in Figure 3-3.
The Capacitance of the coupling structure is obtained from [49] [50]. However [50]
gives the best method to calculate the coupling factor which can be utilized to calculate he
coupling factor for any configuration of coupling structure (example: bipolar configuration,
unipolar configuration or 4 plate compact coupler). The calculation of the coupling
structure plays a very important role to determine the factors affecting the capacitive
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Applying KCL to nodes A,B,C,D to the electrical circuit represented in Figure 3.3. We
















= (Cad +Cbd +Ccd)VPd −CcdVPc −CadVPa
Where VPa to VPd, are the voltage that are developed at nodes A, B, C, D in Figure
3.3. From the circuit, consider point b to the reference of the system VPb = 0. Therefore,
VPa =VA and VPc −VPd =VB. The system is treated as a two port network and solved for










where Cm is the mutual capacitance of the coupling interface, which is available for
the transfer of power. Capacitances C1 and C2 constitute the self coupling and cross
coupling capacitances that would be formed between the plates of the capacitor.
(3.9) Cm = (Cbd +Cac)(Cad +Cbc)(Cbd +Cac +Cad +Cbc)
(3.10) C1 = Cab +
(Cac +Cad)(Cbc +Cbd)
Cac +Cad +Cbc +Cbd
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(3.11) C2 = Ccd +
(Cac +Cbc)(Cad +Cbd)
Cac +Cad +Cbc +Cbd
The coupling coefficient of the CPT system is given by
(3.12) Kc = Cm√
C1C2










The voltages developed across these interfaces can be obtained using network analysis
using the current flowing through the capacitors.
3.3 Factors Affecting Coupling Capacitance
The coupling structure directly impacts the maximum power transferred, output power,
frequency and efficiency of the system. Therefore, its important to understand the factors
affecting the system to over come its limitations. The five most important factors that
affect the CPT system are detailed below:
3.3.1 Coupling Structure
The coupling interface constitutes a pair of coupling structures which can be of any
geometry. When the coupling structures are close enough to each other, an electric field is
generated between them which in-turn creates a displacement current which aids in the
transfer of power. The primary side of the CPT system is usually fixed and the secondary
side of the converter is movable. The capacitance of the coupling structure varies with
the type of geometry that is chosen.
A pair of capacitors is a requisite to make the transmitter independent of the receiver
side. This makes the capacitors in series and when a capacitor is in series the equiv-
alent capacitance is less than the least value of capacitor which makes up the series
combination. The equivalent capacitance of the coupling interface is given as:
(3.14) C = ε0εr A
d
(3.15) Cc = Cc1Cc2Cc1 +Cc2
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The distance between the primary and the secondary plates must be equidistant or the
capacitor with the lower capacitance will dominate the equivalent capacitance of the
system. The geometry of the capacitor can be either rectangular, cylindrical, disk type or
matrix in structure. The capacitance varies from one configuration of plates to another.
The capacitance of each of the capacitor is calculated individually depending of the
structure and then plugged into equation 1 which is the equivalent capacitance of the
system. The equivalent capacitance of the system is required as it plays a vital role in
the calculation of the compensator used and determining the resonant frequency of the
system
1. Parallel Plate Structure: is the most common structure that is present in the
CPT systems. The capacitance of a parallel plate structure is given by equation
3.14. This equation holds good only when the capacitor is a pure parallel plate
and the distance d between the plates is filled with a dielectric whose relative
permittivity is given by εr. The equation can be used to calculate the capacitance of
the structure only under such a circumstance. Figure 3-4(a) and 3-4(b) show the two
types of parallel plate capacitance. The capacitor formed in figure 3-4(b) is the most
common form of parallel plate capacitor that will be created in the CPT system
and therefore the capacitance of the coupling interface must be recalculated.
FIGURE 3.4. Parallel Plate Structure
From gauss law:
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From equation 3.19, we observe that the capacitance of the capacitive interface
depends on the value of dielectric constant only when the thickness of the dielectric
coating is greater than that of air. When the air gap increase, we observe that
the capacitance of the structure becomes independent of the value of dielectric
constant. The inference obtained is that, the dielectric plays a vital role to improve
the capacitance of the coupling structure as long as the thickness of dielectric
coating is larger than the air gap. Once the air-gap becomes larger than the coating
thickness, the dielectric constant has minimal effect on the value of capacitance.
As the thickness of the air-gap is larger than the thickness of the dielectric in most
cases. We assume that air is dielectric between the plates and this assumption is
considered in the rest of our analysis.
2. Non-Parallel Plate Structure: are the structures that are formed when one of the
plates of the system is either inclined or deformed (Figure 3-5 and Figure 3-6). One
plate can be deformed in many ways and makes computation very hard. Therefore,
we consider two cases which are very valuable for our study.
Case 1: inclined Plate: when the secondary plate is inclined to a certain angle with
respect to the primary making them no longer a parallel plate capacitor.
FIGURE 3.5. Inclined Plate Structure
(3.20) C = w.ε0.εr.[ln(l.tanθ+d)− ln(d)]
tanθ
The equation 3.20 can be used to obtain the capacitance of the structure, but has
some error with respect to the finite elemental results. Hence another formula was
derived to obtain a more accurate value of capacitance.
Case 2: Deformed Plates: is visible when one of the plates of the capacitive interface
is placed in a car bumper. The flexibility of the plate determines the structure
formed. If the plate is flexible then the plate forms convex structure (Figure 3-6)
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and if it is rigid, the plate forms a rigid body structure which can be observed in
Figure 3-7. Calculating the value of capacitance of such systems are difficult as the
FIGURE 3.6. Deformed Structure [51]
capacitance at every point varies. The capacitance at the center is maximum and
decreases as we move away from the center. In such cases, the capacitance of such
structures is given by






Where b is the width and l is the length of the plate. The other kind of deformation
that occurs is that of a rigid body which is given in Figure 3-7.
FIGURE 3.7. Deformed Rigid Structure [52]
The capacitance of such structures is given by
(3.22) C = ε0l.b(1−2λ)/d+ 2ε0.bsinθ ln(1+
λ.l.tanθ
d
3. Circular Structure: Coupling structures that are not very commonly use. The
circular coupling structure (figure 35) has maximum value of coupling capacitance
compared to other coupling structures. However, they are used in rotating parts
[38] [46] [47].
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FIGURE 3.8. Circular Rigid Structure
(3.23) Ccircular = ε0.εr[w2 +2wr]r2/(d(w+ r)2)
Where r is the radius and w is width of the ring which is given by
(3.24) w = (
p
2 −1)r
It is important to understand that the coupling capacitors can be made in
any shape and size. The above mentioned structures are ones that are most
popularly utilized.
3.3.2 Coupling Interface
There are three types of coupling configurations when it comes to the capacitive power
transfer systems. They are
They are
1. Row Arrangement: This is commonly utilized in the construction of capacitive power
transfer systems as seen in Figure 3.9(a). The disadvantage with this structure is
that the setup requires a lot of real estate.
2. Column Arrangement: is recently begin researched upon as a replacement for row
arrangements [50] (Figure 3.9(b)) as they require less real estate. However, the
drawback with this arrangement is that the mutual capacitance achieved by this
structure is very low.
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FIGURE 3.9. Coupling Arrangements
3. Matrix Arrangement: was proposed by [53] [54], to maintain sufficient equivalent
coupling capacitance regardless of the misalignment of the position and alignment
of the secondary plates. Usually, in the previous structures, the coupling between
is plates is maximum only when they are perfectly aligned. When a misalignment
is introduced, the coupling capacitance of the system drops reduces eventually
reaching to zero. For such cases, the matrix coupling structures (figure 3-9.c) is
introduces which prevents the capacitance to drop to zero.
Note:The row and column arrangement can be designed in the matrix for-
mat.
The arrangement of the coupling interface is extremely important as it dictates the
mutual capacitance of the coupling capacitor. Therefore, affecting the voltage gain of
the entire system. As the row arrangement and column arrangement are used widely,
the analysis of the coupling structure are performed for these structures. The coupling
structures are simulated with the help of a finite elemental software called JMAG
Designer to determine the various capacitances of the circuit.
Constructional design of the plates for Finite Elemental analysis: Consider-
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ing a golf kart, a golf kart has a length of 267cm and width of 118cm. Consider
a plate sized 80cm in length and 50cm in width mounted on the kart that would
aid in transferring power. The plates are placed 10cm apart.
FIGURE 3.10. Row Arrangement
FIGURE 3.11. Column Arrangement
The mutual capacitance and the voltage gain of the two arrangements are obtained
from the results of the finite elemental analysis are in the table below.
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Voltage Gain Vb = 0.9 Va Vb = 0.25 Va
FIGURE 3.12. Kc vs Distance
The graphs plotted for the configurations show the variation of Cm with respect to
change in distance between the plates and angular misalignment. We notice that the Row
Arrangement (considering perfect alignment conditions), has greater mutual capacitance.
The self and stray capacitances Cab and Ccd wont be present if the two capacitors have
sufficient distance in-between. The value of the cross coupling capacitors will be closer
to zero as the distance increases. The coupling coefficient under such circumstances is
almost close to unity. However, in the case of column arrangement, as the capacitance
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between the plates Cab and Ccd are large, and therefore, the value of mutual capacitance
reduces and is always below 1 (loosely coupled). We also notice that in case of unipolar
configuration in the column arrangement, that it has the least tolerance with respect to
change in distance and angular displacement. This is because in a unipolar configuration
the electric field of the active and passive electrodes cancel out each other.
However, in applications that have space constraint we have to utilize column con-
figuration or matrix configuration. The Matrix configuration was proposed to maintain
sufficient equivalent coupling capacitance regardless of the misalignment of the position
and alignment of the secondary plates. Usually, in the previous structures, the coupling
between is plates is maximum only when they are perfectly aligned. When a misalign-
ment is introduced, the coupling capacitance of the system drops reduces eventually
reaching to zero. For such cases, the matrix coupling structures is introduced in the row
and column arrangements, which prevents the capacitance to drop to zero.
3.3.3 Voltage Developed Across the Coupling Interface
One of the factors that limit capacitive power transfer to be applied to long distance
applications is the voltage across the capacitor given by equation 8.
(3.25) Vc = I
ωCc
As the distance increases the capacitance of the coupling interface decreases .Thereby,
increasing the voltage across the plates. This was one of the factors that limited CPT
system from being used in large air gap and high power applications. Another factor that
adds to the voltage developed across the interface is the phenomenon of resonance. The
voltage developed across the resonating elements are far greater than the source or load
voltage. This is only when an inductor is in connected in series to the capacitive interface
for compensation.
The high voltage developed across the plates also contribute to the reactive power
of the capacitor. As the circuit is resonant in nature, the energy is transferred from one
resonating component to the other. Where S, is the total power of the capacitor and the
real part contributes to the power loss in watts and the imaginary part contributes to
the reactive power in VAR. Increasing the value of capacitance or reducing the voltage
across the capacitor will help in the reduction of reactive power in the system.
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FIGURE 3.13. Vc vs Capacitance for various frequencies (when inductors are
connected in series to the capacitive interface)
Therefore recently with the use of composite/ multi-resonant circuits (inductor does
not come in direct contact with the coupling interface) are utilized as they reduce the
voltage stress across the plates of the capacitor enabling the system to be utilized for
high power and long distance applications. The variation of the voltage with respect to
the capacitance is shown in the graph in figure 3-13.
3.3.4 Operational Frequency
The CPT system capitalizes on the phenomenon of resonance to transmit power from
one stage to the other. The frequency of operation is determined by the value of coupling
capacitance. From Equation 8 we notice that the voltage developed across the capacitor
depends on the frequency of operation. If the coupling capacitance is in the order of
few Nano-farads, the CPT system can be operated in few kHz range. If the value of
capacitance is in the order of Pico-farads, the system is operated in the MHz region to
reduce the voltage stress across the plates. Therefore, the operation range of the CPT
system ranges from few hundreds kHz’s to few MHz’s. Previously the CPT system has
been operated in 100’s of MHz to reduce the voltage across its interface.
However, with the increase of frequency many irregularities are introduced in the
system. The system has the tendency to suffer from EMI issues. The coupling interface
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has parasitic components that are very sensitive to frequency. The Equivalent Series
Resistance of the capacitor is a quantity that varies with frequency [55]. The ESR of the
capacitor is mainly due to the dielectric loss that occurs in the capacitive interface. The
dielectric of a capacitor is very sensitive to the frequency of operation. For capacitors that
are operated at very high frequencies, the distributed capacitor model [? , 55]s applicable
for analysis.
(3.27) DF =ωRseriesCc + 1
ω.Rdielectric.Cc
(3.28) ESR = DF/ωCc
(3.29) Zcap = j( −1
ωCc
+ωLparasitic)
The other problem that arises when the converter is operated at such high frequencies,
is the change that is evident in the reactance of the capacitor. At some point as the
operational frequency keeps increasing and the reactance becomes positive therefore,
making the capacitor to behave as an inductor. The wiring used must be rated to operated
at high frequencies as the conductors suffer from skin effect. The length of the wires
must be as small as possible as the wires will have certain value of inductance and begin
to radiate causing EMI issues. The cost and complexity in designing the driver circuitry
would also increase with the increase in frequency. Therefore, when designing the CPT
system we must take into consideration the trade off between size, voltage developed
across capacitors and cost of driver circuits.
3.3.5 Atmospheric Conditions
In cases where the CPT system is mainly engineered for large air gap applications such
as EV chargers etc., the atmospheric properties have to be are taken into considerations.
As most of the weather conditions mainly constitute of temperature, moisture in the
atmosphere (humidity), water (rain) and ice (snow) are the three properties undertook in
this particular study. With the change in temperature the permittivity and loss tangent
of the material changes.
The humidity in the air constantly changes with respect to temperature, resulting
in the change in the capacitance. The same goes with respect to the study related to
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FIGURE 3.14. Dielectric constant of water at various temperatures
water and ice. However, the study of ice is very complex. The ice has varying electrical
properties due to the presence of various polymers of ice.
Constrain: In the case of water and snow. The system can be used only when the plates
of the capacitors are placed sufficiently far away from each other and the plates of
the capacitor is coated with dielectric material such as PZT and BaTiO3. If the above
conditions is not followed the interface would be short circuited. This is because the
dielectric constant and dielectric strength of the materials are two separate quantities.
Even though water and snow have very good dielectric constant, they have very low
dielectric strength.
3.4 Design Considerations for the Coupling
Interface
Based on understanding that was obtained from factors that affect the CPT and the
characteristic of the CPT systems, the design is undertaken. The wireless systems
are predominantly used for small air gap applications. Lately, CPT systems have been
developed for large air gap applications [48] [50]. If the coupling interface is designed
effectively, the value of capacitance that we can obtain from the interface would be larger
for small air gap applications. In the case of large air gap applications, the dielectrics that
are selected must be able to withstand the high voltages developed across the interface
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without breakdown and must be able to have low losses at high frequencies. The selection
of the dielectric plays a very vital role in the construction of the capacitive interface.
Practically, most of the dielectric used are in solid state, but air and liquid dielectric are
also used in certain capacitors depending on its need. Vacuum is an exceptionally effective
dielectric. When a dielectric is placed in between two parallel plates, they reduced the
distance between the places allowing for small plate separation and therefore we get
higher capacitance. The use of good dielectric materials increases the breakdown voltage
of the capacitor and shorts out the possibility of sparking. The following are the design
considerations for the construction of the capacitive interface.
1. Value of Capacitance: The capacitance of a capacitor is directly proportional to the
value of the relative permeability of the dielectric. Insulators have different per-
mittivity and are used in capacitors to get the capacitance for various applications.
FIGURE 3.15. Dielectric Materials to Various Capacitances
Figure 3.15., gives us the relationship between capacitance and the types of mate-
rial used. Few materials such as ceramics and polymer films can be used to produce
a wide variety of capacitors.
2. Frequency of Application : from equation (14) we know that electric polarisation of
the dielectric material is affected by the frequency it is subjected. The dielectric
has a frequency which it oscillates and therefore the frequency plays a crucial role
in the selection of dielectric [55]. A capacitor that is designed for low frequency
cannot be used for high frequency and the contrary holds good. Figure 6, below
gives the relation between frequency and the dielectric medium.
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FIGURE 3.16. Dielectric Materials to be used at various frequency
Where Pe is electric polarization, Z is the number of electrons present, e electric
field applied and Me is the mass of the electron.
3. Capacitance per unit volume: is the ratio of capacitance to the product of area of








From the expression we see that the distance between the plates dominates the
capacitance per unit volume. Therefore, the capacitance per unit volume is inversely
proportional to the square of distance between the plates of the capacitor.
4. Operational Voltage: From the previous equation we know that as the distance
between the plates decrease, capacitance per unit volume increases. This causes
the working voltage to also decrease. The dielectric material is prone to breakdown
and hence has to be operated in a safe operating range. The working voltage has to
be lower than the maximum voltage the dielectric can sustain.







Where dielectric breakdown is represented as εbr and The maximum voltage a
dielectric can withstand is given by Vmax. Let η represent safety factor and Vmax
be the max safe operating voltage. A term called safety factor η is introduced,
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it is the ratio between the maximum operational voltage the dielectric and the
voltage applied to the dielectric. In other words it can also be called as de-rating of
a capacitor.
5. Rate of dielectric loss per unity volume : the loss of energy that goes into heating




If tanδ is high, losses are also high. In ordinary ceramics there are lower losses
and hence are more efficient in storing energy. Whereas, the high k dielectrics have
other advantages but they have got higher losses. Low tanδ is required to have low
losses in a dielectric.
6. Temperature Stability and Dependency: factor depends on the dielectric constant
and (tanδ) [56]. Taking an example of the material PET to explain this phenomenon.
When this material is used in its original form it has very bad response with
frequency. Whereas once the material is heated, it becomes soft and responds
well with frequency. Where as in the case non polar materials (polystyrene) the
values of (tanδ) and dielectric permittivity remains the same and is insensitive to
temperature.
The following factors are to be considered for the construction of the coupling capacitors.
The system predominantly utilizes high frequencies and therefore high K dielectrics are
preferred. Dielectric depends on various factors and compromises have to be made to
choose the best dielectric for the coupling plates. Economically priced and high permit-
tivity materials like alumina, lead zirconate titanate(PZT) and titanium dioxide can be
used at frequencies up to few terahertz. Research in [17] [56] shows the comparison of
capacitive coupling of using different dielectric. Best results were obtained for PZT as it
has a very high dielectric strength, very low temperature dependence, good dielectric
strength, high durability non-toxic, commercially available and has simplicity in the




The chapter details the behavioural characteristics of the CPT systems. The coupling ca-
pacitor is the integral part of this wireless power transfer system. The various interfaces
and configurations used in CPT systems are discussed. The concept of mutual capacitance
is explained. The mutual capacitance of the two most famous configurations (row and
column )are checked with respect to change in distance and angular displacement. The
row arrangement exhibits higher coupling capacitance than the column arrangement.
In applications that have space constraints, column arrangement would be the best
suited candidate. Various factors that affect the coupling capacitance of the system are
discussed in detail. Depending on the analysis, a guideline for the design of the capacitive
interface is detailed.
Based on the understanding developed until this chapter, we can concluded that, the
reason why CPT systems are not utilized for high power and long distance applications
is due to the high voltages developed across the plates. The reason why these system
have low efficiency for small air gap applications is due to the draw backs of the power
electronic converters and the compensator utilized.
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MODIFIED CAPACITIVE POWER TRANSFER SYSTEMS
FOR SMALL AND LARGE AIR GAP APPLICATIONS
In this chapter of the thesis, two modified resonant converters are proposed. The working
of the converters are detailed. One converts is proposed for near distance applications and
the second converter is proposed for far distance applications.
1. For near distance application, the main criteria is to design a system with high
efficiency and one which could be utilized for high power applications. The converter
must overcome the drawbacks of the series, series-parallel and composite topologies
used for small distance applications
2. For large air gap applications, the aim is to design a system that has low complexity
in design and analysis compared to the double sided LCLC and LCL topologies.
The system must be able to transfer power across large air gaps upwards of 10cms
and must be highly efficiency.
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4.1 Capacitive Power Transfer Systems for Small
Air-Gap Applications
The characteristics of the Capacitive Power Transfer System a great contender for
wireless power transfer for battery charging applications. In terms of CPT, most of the
applications CPT was used in was low power applications (below 100W). However, we
can extend the wireless technology to EV charging applications. In [25], a cobin sparrow
was charged with the help of capacitive power transfer system which had a air gap of
(less than 1mm). The converter that was used for the power transfer was a modified
buck-boost and had a power rating of 1KW. The system had an efficiency of 81%. In
[48], a 2.2KW double sided LCLC topology was utilized to transfer power across an air
gap of 15mm, the charger exhibited an efficiency of 91%. In [50], a double sided LCL
compensator (150mm air gap) was used , the converter exhibited an efficiency of 86%.
All the previous work have significant role in exhilarating the CPT technology to
better utilization. The converters used for large air gap applications are very efficiency.
However, when it comes to small distance applications such as replacement of slip
rings, bumper to bumper charging of electric vehicles etc., the CPT systems exhibit very
poor efficiencies ranging between 60% to 80%. The compensator used for small air gap
applications are mainly series and series parallel compensators. The compensator are
good for small power application but cannot be used for high power applications due to
its many disadvantages such as cannot regulate the output voltage, large circulating
currents etc. Therefore, the need for better compensator’s for small distance applications
that exhibit efficiencies upwards of 90%.
The main aim of the section is to introduce a modified converter which exhibits
efficiency upwards of 92% for small air gap applications. The design of charging infras-
tructure for small air gap applications of the of CPT systems is given. The idea behind
the modified topology, the working and analysis of the topology is given in detail.
4.1.1 Coupling Structure and Interface
The coupling interface is the heart of the wireless power transfer system. For small air
gap applications it is of prime importance to consider the construction of the capacitive
coupling interface. Figure 3.4 shows the basic construction of the coupling interface of a
CPT system. For small distance applications, the material between the plates can be an
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insulator or a combination of insulator and a layer of air.
(4.1) C = εo A
(d1 +d2)/2+dair
From equation 1 we see that the dielectric material plays a significant role in increas-
ing the capacitance of the coupling interface only when the thickness of the dielectric is
larger than the air gap present. For charging of electric vehicles or other battery charging
applications. It is important to keep the value of capacitance in the nano-farad(nF) for
high power applications especially for small air gap applications. All the compensator for
small air gap applications consists of inductors in series with the capacitive interface. At
resonance, the voltage across the inductor and capacitor are much larger than the source
voltage and we see that from equation 2 that the voltage across the plates increases
as the value of capacitance decreases. Therefore for charging a EV using the modified
converter proposed in this paper we could follow the bumper to bumper power transfer
infrastructure proposed by [25] .
4.1.2 Modified LLC Resonant Converter
Previously, research was conducted on how to increase the capacitance of the coupling
interface. For small distance applications (less than 1cm), the value of capacitance is
generally in the Nano-farad range. The challenges of the series, parallel and series
parallel resonant tanks make the CPT system inefficient. The disadvantages of each
of the topologies is detailed chapter 2. In order to overcome the present challenges, a
modified LLC resonant converter (figure 3) is utilized. The existing LLC converter is
modified to fit the capacitive interface and still retains the inherent characteristics of a
LLC topology. The topology looks similar to the series resonant topology, but consists of
a high frequency transformer whose magnetic inductance takes part in the resonance
operation forming a multiple resonant circuit.
The main advantage of this topology is the ability to work off resonance while
achieving zero voltage switching over the entire system, making the system highly
efficient. The second advantage of this topology is the inherent ability of the converter to
buck or boost as per the operation with respect to the gain plot. The other advantages
of the modified LLC converter are high efficiency, zero voltage switching at no load
conditions, high power density, elimination of low and high frequency ripples from
the battery current, narrow frequency variation over wide load range and many more.
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FIGURE 4.1. Modified LLC Topology
Therefore making the converter perfect to use in capacitive power transfer systems.
LLC converters have been around for decades but recently gained acceptance in the EV
chargers area due to the various advantages over other resonant converters. The high
power density of the modified resonant converter makes it best fit for wireless battery
charging application for battery charging for small air gaps and high power applications
. Most of the series, parallel, series-parallel inverters use a boost or buck stage after the
rectifier stage to obtain the desirable output for the battery. The modified LLC convert
can operate as a buck or a boost depending on the region of operation which makes it
great for an EV charging applications. A proper control strategy ensures the CC-CV
operation of the converter without the use of any additional converters used at the end
of the rectifier stage.
4.1.3 Principle of Operation
The proposed converter is a modification of the original converter. The inductor of
the original circuit is split into two inductors which is placed in series with the two
capacitors of the capacitive interface. Two capacitors are required to provide complete
freedom with respect to the primary side of the circuit. The circuit is fairly similar to
the series resonant circuit. However, in this topology the magnetizing inductance of the
transformer plays a vital role in the resonance phenomenon. Usually the magnetising
inductance of the transformer is very low and is neglected. In this topology, the value
of magnetising inductance is greater than the inductance connected in series. Hence,
the magnetising inductance is one of the elements that contribute to the resonance
phenomenon. The working of the Modified LLC converter is explained below. For the
explanation of the system an asymmetric half bridge inverter shown in Figure 4-2 is
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taken for the explanation of the modified LLC topology.
FIGURE 4.2. Modified LLC AHB Topology
The input to the inverter is a DC quantity which is obtained from the power factor
and rectifying stage prior to the inverter. The inverter used is a half bridge inverter.
The inverter consists of two switches S1 and S2. The output of the inverter is fed to
the modified LLC resonant tank. The output of the LLC tank is acts as an input to the
rectifier stage. The rectified quantity drives the load. The modified resonant converter
has three regions of operations. The first one is at resonant frequency, the second is
above resonant frequency and the last one is below resonant frequency. The modes of
operation when system is operated at resonant frequency is detailed below. Based on the
waveforms obtained in figure 4-2(b), the working of the converter is established.
Positive Half Cycle:
Mode 1: Begins with the current in the circuit being negative. The direction of the
flow of current in an inductor cannot change instantaneously and hence, the negative
current is conducted the body diode of the switch S1. The flow of current of the resonant
inductor La and Lb through the body diode of the switch S1 creates a zero voltage
switching condition for the switch. Now the current in the inductor begins to rise as will
forward bias the diodes D1 and D4 of the rectifier and hence the output current also
increases. As the current increases, this voltage across the transformer is equal to the
output voltage. Hence, the voltage across the inductor Lm has a constant voltage across
the terminals.
Mode 2: begins with the inductor current being positive. As the switch S1 is turned
on, current flows through S1 and the rectifier diodes D1 and D4 conduct. The voltage
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FIGURE 4.3. Waveforms of the Converter
across the magnetising inductor is increasing linearly is increasing and this does not
make the inductor Lm participate in resonance. At this instant the components La,Lb
and Ca,Cb participate in resonance behaving as a series resonant circuit. The mode 2
comes to an end when the currents in inductors La/Lb is equal to the current in Lm.
Mode 3: begins with all the inductor currents bring equal. When both the currents
are equal, the output current reaches zero. Hence, there is no current in the rectifier
circuit. Hence, the operation separates the load stage from the transformer stage. During
this period, the magnetising inductor Lm is participates in resonance. The mode comes
to an end when the switch S1 is turned off.
Negative Half Cycle: the operation is same as the above three modes the only
difference is the conduction of S2 and diodes D2 and D3.
The LLC converter utilizes ZVS for the turning off of the MOSFETs. The zero voltage
switching is achieved using the magnetising current and hence the converter can be used
in the ZVS zone even at no load conductions. The current in the secondary side reduces
to zero and stays off, eliminating the reverse recovery of the diodes. Hence, reducing the
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switching losses of the entire converter.
4.1.4 Analysis of the Modified LLC Converter
The analysis of the modified converters can be obtained from the first harmonic approxi-
mation technique [14] which is used to deduce the resonant converters. Considering the
use of a full bridge inverter the analysis of the system is given below , the equivalent
circuit of the FHA is given in Figure 4. As the circuit are resonant in nature, the con-
verters allow the passage of the fundamental to the output filtering out the higher order
harmonics. The fundamental output of the inverter can be obtained as follows:








The fundamental supplied to the input of the rectifier is as follows:
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An equivalent circuit of the modified LLC converter is given in figure 4. The input to
the tank a square wave AC quantity. Cc1 and Cc2 constitute the capacitive interface of
the wireless power transfer system.
The value of the coupling interface as we see in many small distance applications
range between 1nF - 100nF. Value of coupling capacitance can be found either by experi-
mental verification using an LCR meter or by finite elemental analysis. The equivalent
capacitance is denoted as:
(4.7) Cr = Cc1.Cc2Cc1 +Cc2
A frequency of operation is selected. Based on the frequency of operation, the value of
compensation inductors can be found.
(4.8) Lr = 1(2π f )2.Cr
The inductor can be divided into two inductors which would go in series with each of the
capacitive interfaces.
(4.9) Lr1/Lr2 = Lr2
Lr1 +Lr2 = Lr
There are two resonant frequency in the modified LLC converter.
(4.10) ω1 = 1√
LrCr
(4.11) ω2 = 1√
(Lr +Lm)Cr
ω1 is greater than ω2







where ω is the frequency in radiance. The inductance Lm is generally 5 to 13 times
greater than the value of Lr. The resonance circuit highly depend on its Q factor. The Q
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The ratio of the total value of inductance to the value of the main resonating can be
obtained as M. It is also known as the resonant factor and has to be big as possible to
ensure high efficiency where,
(4.14) M = Lr +Lm
Lr
The normalised frequency of the system is the ratio of the switching frequency to the
resonant frequency of the system
(4.15) Fx = fs/ fr







(MF2x −1)2 +F2x (Fx −1)2(M−1)Q2
The plot for the voltage gain of the CPT system is as shown below.
The voltage stress across the plates of the capacitor and currents in the circuit are of
prime importance. The voltage stress across the plates of the inductor can found from
the currents in the branches.
(4.17) i1 = ω( jωLm +Req)VinCr
ω3LrLmCr − jω2CrLrReq − jω2CrLrReq −ωLm + jReq
(4.18) i2 = jω
2LmVinCr
ω3LrLmCr − jω2CrLrReq − jω2CrLrReq −ωLm + jReq
The values of the currents can be obtained from the modulus of the results of equa-
tions(15) and (16). Current through the inductor Lm is given as
(4.19) iLm = i1 − i2
The voltage stress across the capacitive interfaces is given as
(4.20) Vc1 = I1
ωCc1
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FIGURE 4.5. Gain Plot
Vc1 =Vc2
The currents obtained are the peak values, the rms values of the currents can be obtained
by dividing the peak currents by a value of root two.
Operation of the Topology as per the gain plot in Figure 4.5
1. Unity gain operation: The LLC resonant converter can be operated at unity gain
when the converter is switched at resonant frequency ω1. The output voltage of the
system is equal to the input voltage of the system for a full bridge inverter. In the
case of a half bridge inverter, the output will be exactly half of the input DC value.
This can also be considered as the most efficient point of the system.
2. Gain <1 (Buck Operation): when the converter is operated above the resonant
frequency ω1 the converter acts as a buck converter. The output voltage of the
converter is lower than the input of the system maintaining the same power level.
From the gain characteristic we see that as the frequency of operation increases,
the value of Vo/Vin decreases. In this period, each of the half cycle transfer a partial
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amount of power. During this period the inverter switches being to start having
turn-off losses. The rectifier diodes of the system are no longer switches with ZVS,
hence, the system efficiency reduces. It is not advisable to switch the LLC converter
greater than 1.5 times of the resonant frequency.
3. Gain >1 (Boost Operation): is achieved when the resonant circuit is operated
above the resonant circuit. We can notice that the gain of the LLC converter
increases as we decrease the frequency of operation. For boost operation, the
converter is operated between the two resonant frequencies ω1 and ω2 .This is
achieved, as power is delivered to the load side even during the free willing opera-
tion of the modified LLC resonant converter. Hence, little circulating currents are
induced in the system which increase the conduction losses in the circuit.
4.1.5 Advantages of Using the Modified LLC Topology
1. The system exhibits high efficiencies. The average efficiency of the LLC resonant
converter ranges between 94%-96%. The series and parallel resonant topologies
are very inefficient compared to the modified LLC converter. Maximum efficiencies
that are recorded in literature for small gap applications are recorded in [25]. The
max efficiency that is obtained for the charging of the electric vehicle using the
modified topology in [25] is 81%. The efficiency can be boosted upwards of 90%
using the LLC resonant converter.
2. The point of maximum efficiency is the resonant frequency of the converter. How-
ever, in the case of series and series-parallel resonant converters, the efficiency
drops drastically as we vary the frequency. Whereas, in the LLC converter we can
operated between the two resonant frequencies of the converter without compro-
mising much on the efficiency of the converter.
3. The maximum gain of the series and series parallel resonant converter is unity.
Hence, the converter can only work under unity gain or below unity gain conditions.
Whereas, in the LLC topology, the gain of the system is greater than 1. Which im-
plies that the system can buck and boost. Which is a flexibility the other converters
do not offer.
4. In the modified LLC topology, zero voltage switching is achieved on the rectifier
side of the system. Hence, we can eliminate the reverse recovery of the diodes
making the system extremely efficient.
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5. The other converts cannot be used in no load and full load conditions. During such
operations, the circulating currents in the converter is very large and can damage
the entire system. However, the modified LLC resonant topology can be used with
no-load and light load conditions.
4.1.6 Results
In this section a modified LLC capacitive power transfer converter has been designed for
a 1KW system. The system is designed for a switching frequency of 250KHz.
The design of the modified resonant converter is different from the design of tradi-
tional LLC resonant converters. Using the hydrodynamic bearing mentioned in [57],
we can obtained capacitances in the order of few hundred Nano-farads. However, using
ceramic as a dielectric [58] achieved to capacitance of 100nF. Finally, [25] used CPT to
transfer power to an electric vehicle which used very big plates which obtained a coupling
capacitance of 20nF. From the finite elemental analysis, we see that the capacitance we
achieve for small gap applications (<1cm) ranges between 10nF-50nF.
The design of the modified LLC Capacitive power transfer system is concerned for
charging applications. Considering the load requirement is to maintain constant output
voltage of 200V across the load. The design is for the implementation of a 1KW contactless
power transfer application.
1. Gain of the inverter:
Full bridge = 1 Half bridge = 0.5 Considering a full-bridge inverter for the design
example
2. System design requirements:
Holdup time of the DC link Capacitor = 25ms Capacitance value of the DC link
= 200µF Estimated efficiency we need between 94% - 96% Input power = output
power / expected efficiency Maximum available input power = 1063 Vin, = 200V
Considering 10Vin,min = 180V Vin,max = 220V The following are the calculation of
the system. Pout = 1KW Load = 40ohms.
Table 1 shows the values of the design parameters that were computed. Table 2
shows the match between the theoretical and simulation results. The plates for the
CPT system are designed as a conformal bumper as designed by [25]. The design has
advantages as the value of capacitance obtained is in the order of nano-farads and using
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Table 4.1: Design Parameters
Power 1KW Vin 200V
Vout 200V Np:Ns 1:1
Fsw 250KHz Cr 25nF
Lr 16.21 µ H Lm 81.05µ H
Ro 40Ω Req 32Ω
Vs 254V M 5
Table 4.2: Simulation and theoretical values
Parameter
(peak values) Simulation (ideal) Theoretical (ideal) Simulation (non-ideal)
i1 8.32 8.24 7.96
i2 7.93 7.89 7.47
im 0.62 0.35 0.45
Id c 5.09 5.14 4.8
IRload 4.99 5 4.81
VR 254 254 243
Vc 207 209 202
Vout 200 200 191
a conformal structure there is no rigidity involved when the primary plates meet the
secondary plates. The plates are designed keeping a Nissan leaf in consideration. Each
of the capacitive plates on the primary side will have a dimension of 170cm x 20cm.
The secondary plates will have a dimension of secondary plates are 150cm x 15cm. The
plates of the capacitive interface are coated with Lead Zirconate Titanate (PZT). The
value of capacitance obtained for each pair of coupling interface is 50nF with a very
small air gap. The value of capacitance obtained is from finite elemental analysis. The
graphs of the capacitance vs efficiency is depicted. We see that the system has a much
better efficiency compared to the traditional CPT systems in figure 6. The 1KW converter
designed exhibits an efficiency of 94% non-ideal conditions. The converter is switched at
a much lower frequency than the existing CPT systems. If the frequency of operation is
increased the voltage across the plates of the capacitor decreases even further.
Inference: We notice that with the variation of the DC link input voltage, the converter
has the ability to maintain constant output of 200V by operating at a lower gain. This
ensures constant 200V at the output. We also notice that in order to maintain the power
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FIGURE 4.6. Unity Gain Operation 94% Efficiency
FIGURE 4.7. Buck Mode Operation 93% Efficiency
constant, the output current increases. Therefore, acting as a buck converter.
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FIGURE 4.8. Boost Mode Operation 93% Efficiency
FIGURE 4.9. Efficiency vs Power Graph
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4.2 Capacitive Power Transfer Systems for Large
Air-Gap Applications
In the previous section a highly efficient converter has been designed for a small air gap
CPT system. In small air-gap systems the value of capacitance of the coupling interface
is in the order of few Nano farads and hence, the voltage stress on the capacitors is
very minimal. However, in large distance applications, the value of capacitance is in the
order of few hundreds of Pico farads depending on the area of the plates and distance
between the plates. When the value of coupling capacitance is in the order of few hundred
pico-fared the voltage stress across the power transfer capacitors are extremely large.
Hence, this hindered the capacitive power transfer technology for being used in large
air gap applications. [50] designed a resonant converter that can work for large air gap
applications. However, due to the presence of numerous resonating components, the
deduction and analysis of the resonant converter is tedious.
FIGURE 4.10. Dual LC Compensated Capacitive Power Transfer System
The purpose of developing the converter is two fold: The first one is to develop
a system that is simple to construct. The second reason, is to add is to add a large
distance compensator into the existing arsenal of compensator for the improvement
of this technology. One of the main reason, voltage across the coupling capacitors is
extremely high is due to the phenomenon of resonance. At resonance, the voltage across
the coupling plates are higher than the source voltage. Figure 4-10, illustrates the dual
LC compensator. One of the main advantage of the dual LC compensator is to reduce the
voltage across the plates of the system. This is done by connecting the capacitive interface
between two resonating circuits. This brings the coupling interface at resonance, but
the voltage across the plates are minimal resonance of the dual resonators. The voltage
stress across the dual resonator are larger than the capacitive interface.
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4.2.1 Principle of Operation
In order to explain the working of the dual LC resonant converter an asymmetrically
half bridge (AHB) class D inverter is considered. The output of the inverter is connected
to the resonant tank, which is in turn connected to the capacitive interface of the system.
The dual LC converter consist of two resonant LC circuits on either side of the coupling
capacitors. All the components of the system are designed for a particular frequency of
operation. The output of the resonant tank is connected to the input side of the rectifier
circuit. The rectifier circuit consists of four diodes in a full bridge configuration. The
output of the rectifier is supplied to the load which is connected across a filter capacitor.
The modes of operation of the dual LC capacitive power transfer system is detailed below.
The working of the system is very straight forward compared to the behaviour of the
modified LLC compensation network. The circuit has two modes of operation. The circuit
is tuned to work under the resonant frequency of the system. At resonant frequency the
converter works in the ZVS region which ensures soft switching of the system.
FIGURE 4.11. Waveforms of the dual LC network using a AHB
From the graphs in figure 4-11 the modes of operation of the converter can be defined.
Mode 1: At this mode, the switch S1 and S2 of the AHB is in the OFF state. At this
time, the current in the inductor is negative. As the inductor is large, the current in the
inductor cannot be reversed immediately. The current goes through the body diode of the
switch S1. The mode comes to an end when the inductor current becomes positive.
Mode 2: beings with the inductor current being positive, at this moment switch S1
is turned on and positive current flows through the inductor. Increasing the current
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through the inductor. The mode comes to an end when the gating pulse is removed. At
this instant, the direction of current is positive and both the switches S1 and S2 are in
the OFF state. At this instant, the current flows through the body diode of switch S2.
Now as the current tends to becomes negative, at this time switch S2 is turned ON. The
negative current circulates through the circuit through switch S2. Hence, this completes
a full cycle and ensures the continuity of the current in the inductors. The mode 2 comes
to an end when the gating pulse to the switch S2 is taken off.
The frequency of operation of the system is equal to the resonant frequency of the
system. The circuit components are designed in such a way that the elements are
resonating when operated at its resonant frequency. The system works on the principle
of ZVS hence, the converter is soft switched which ensures high efficiency of the overall
system.
4.2.2 Analysis of the Dual LC Compensated Topology
The working of the system is very straight forward compared to the behaviour of the
modified LLC compensation network. The circuit has two modes of operation. The circuit
is tuned to work under the resonant frequency of the system. At resonant frequency
the converter works in the ZVS region which ensures soft switching of the system. The
equivalent circuit of the dual LC converter is given below:
FIGURE 4.12. Equivalent Model of the LC topology
Vin is the output of the inverter. Considering the use of a full bridge inverter.
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When the output voltage of the converter is assumed to be constant. The input to
the rectifier bridge is +V0 when the current through the inductor is positive. When the
current in the inductor is negative, the input to the rectifier bridge is −V0. In order words,
we can say that the rectified load is getting reflected on the input side of the full bridge
rectifier. The equivalent load of the system is given by
(4.23) Req = 8
π2
R0
(4.24) Cr = Cc1Cc2Cc1 +Cc2
The quality factor of the system is given as




All the components of the dual LC network is tuned to a particular frequency The value
of La, Lb, Ca and Cb, must be chosen to satisfy the following conditions Where the
resonant frequency ω0 is given by




(4.27) La = Lb and Ca = Cb
(4.28) Za = jωLa + 1jωCa
(4.29) Zb = jωLb +
1
jωCb
The operation of the system can be obtained from the gain characteristics of the
system. Voltage Stress Across the components: Consider three currents i1, i2 and i3 in
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the three loops of the equivalent dual LC circuit in figure 4.12. Applying KVL to the
circuit, we get the following equations:
loop 1:














The current equations obtained are as follows:
currents through the capacitors can be calculated using the current equations as
given below :
ICa = i1 − i2(4.33)
ICb = i2 − i3(4.34)
ICr = i2(4.35)
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(4.40) I0 = 2i3
π
The current equations obtained are as follows: The voltage gain of the system is given
by The modulus of the voltage gain ration will give the gain of the system. The voltage
gain of the dual LC topology is plotted for various Quality factors. As The black curve,
has the lowest quality factor plotted for a load of 10Ω. The blue curve, has the highest
quality factor plotted for a load resistance of 100Ω. As the load of the system increases,
the peak and operation of the system gets narrower. In such cases, the converter has to
operate exactly on the resonant frequency in order to obtain a unity gain of the system.
From the gain plot in Fig.9, we see that, there are two frequencies at which the gain of
the system is equal to unity. The effective resonant frequency is split into two parts at
a certain point. This forms two frequencies, lower and upper resonant frequencies at
which the gain of the system is equal to unity. The lower resonant frequency is much
lower than the natural resonant frequency of the tank. The upper resonant frequency
of the system is equal to the natural resonant frequency of the tank as it barely moves
after frequency splitting [15]. The splitting phenomenon is very asymmetric in nature.
The CPT system has the ability to operate at a fixed operating point regardless of the
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FIGURE 4.13. Gain of the dual LC topology
variation between the coupling capacitors [16]. However, this only ensures that the
upper resonant frequency (natural resonant frequency) is always constant. Hence, the
band between the two frequencies increases as the operational frequency range of the
capacitive power transfer system increases. The lower resonant frequency changes with
the variation of capacitance of the coupling interface. It makes it extremely difficult to
pin point the lower resonant frequency at very high loading conditions. Hence, we can
capitalize the lower resonant frequency for light loading conditions and use the upper
resonant frequency for heavy loading conditions. Regardless of the operation between
lower or higher peak frequencies the system is soft switched (ZVS) which makes the
proposed CPT system highly efficient. The verification of the model with respect to the
theoretical and simulation are given later.
4.2.3 Advantages of the Dual LC compensation Topology
1. The compensator uses less number of passive components compared to the double
sided LCLC and LCL topologies. Which makes the system easy to design in practice.
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2. The system has a unity voltage gain. Hence, at resonant frequency and the sec-
ondary resonant frequency, the CPT system achieves unity gain. Hence, there are
two points at which we can attain unity gain.
3. The proposed CPT system, has two operational frequencies. Operating at the
second resonant frequency is lower that the natural resonant frequency of the
system. This helps in reducing the switching frequency of the system. However,
due to its asymmetrical behaviour, it is a little difficult to pin point the resonant
frequency of the system.
4. The main advantage of the converter is the ability to transfer power over large
air gaps. This is possible as the two resonating capacitors Ca and Cb have ex-
tremely high voltages built across them. Hence, the transfer capacitors are at
slight resonance, ensuring reduced voltage stress across the transfer capacitors.
5. At resonance, the converter has a constant output. Hence, we can capitalize on this
feature to use the system in Electric Vehicles (EV) and Industrial Electric Vehicle
Applications (IEV).
6. The main advantage of the system is to operate at the same frequency with the
change in the distance between the plates. As, the distance between the plates
change, the capacitance changes as well. In other resonant converters the resonant
frequency of the system will change. However, in the proposed dual LC converter,
the converter can work irrespective of the change in value of capacitance.
4.2.4 Results
The system is designed to for unity gain at resonant frequency. The design procedure of
the system is detailed below. Input voltage to the converter: Vin =VDC = 200V Therefore
Va = 4∗200/π Va = 254.77V
Output Voltage of the converter at unity gain condition:
V0 = 200V
Vb = 4∗200/π, there f oreVb = 254.77V
Load: R0 = 40Ω Equivalent resistance: Req = 32.42Ω
The waveforms obtained for the dual LC topology are given below:
The parameters of the circuit can be obtained from Table 4.4 in this chapter. The
system is designed to work at resonant condition. The system was modelled with all the
parasitic elements in the system.
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Voltage Gain Vb = 0.9 Va Vb = 0.25 Va
Table 4.4: Simulation and theoretical values
Parameter
(peak values) Simulation (ideal) Theoretical (ideal) Simulation (non-ideal)
i1 8.32 8.24 8.00
i2 7.93 7.89 7.93
im 0.62 0.35 0.4
Idc 5.09 5.14 4.55
IRload 4.99 5 4.64
VR 254 254 235
Vout 200 200 185
On resistance of the switches = 50mΩ
Diode Threshold Voltage = 0.7V
Diode Resistance = 100mΩ
ESR of inductors = 300mΩ
ESR of capacitors = 50mΩ
Vin = 200V From the average values of input current, output voltage and output current,
the efficiency of the system can be calculated for duel LC capacitive power transfer
system.
Therefore, The Dual resonant converter has an efficiency of 91% when modelled with
all parasitic components of the system.
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FIGURE 4.14. Dual LC converter at Resonant Operation (unity gain)
FIGURE 4.15. Voltage across the capacitor when Cr = 1nF
4.3 Characteristics of the Two Proposed
Compensator’s Compared to Other
Compensation Networks
There are many compensation networks in each of the categories that are mentioned.
Therefore, the commonly used compensation networks are compared in this section. The
resonant tanks of the push pull inverter and the class e inverter are omitted as the
comparison is based for the tanks that can be interfaced with a half/full bridge. The
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FIGURE 4.16. Voltage across the capacitor when Cr = 100pF
FIGURE 4.17. Voltage across resonating capacitors CaandCb)
compensators are compared with respect to their sensitivity to distance, tolerance with
respect to change in frequency, power levels and control to find the best compensators for
various distances and power levels.
1. Sensitivity to Distance:
As the distance between the plates of the interface increases, capacitances obtained
range in-between nF-pF . When the value of capacitance is in the order of Pico
farads, it is not advisable to use a compensator in which an inductor of large
value come in series contact with the coupling interface. The variation of efficiency
with respect to change in capacitance is an important factor to be taken into
consideration.
From the graph in Fig.10 we notice that the compensators that are used for small
distance applications are in black, where as the large distance compensators are in
orange and blue.
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FIGURE 4.18. Efficiency characteristics of various networks with change in
distance (capacitance)
Comparing the networks for small air gap applications: the converters are resonant
in nature and therefore all three compensation circuits behave differently with
change in capacitance. We notice that the modified LLC topology has minimum sen-
sitivity with change in the value of capacitance. The series-parallel has acceptable
performance making the series compensator the one with maximum sensitivity.
With slight change in the value of capacitance the efficiency of the system reduces
drastically. The reason is because the circuits is unable to maintain resonance as
the capacitance value changes. The LLC exhibits the best performance as it two
resonant frequencies.
Comparing the networks for large air-gap applications: As the capacitive interface
is not directly taking part in the resonance phenomenon, the change in the value
of capacitance does not affect the efficiency, thereby, having the least sensitivity to
distance and can be used in applications in which the distance between the plates
are in the order of few tens of centimetres apart .
2. Tolerance with Respect to Change in Frequency: is an important factor that affects
the CPT system. As as the networks are resonant tanks, they posses unique gain
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characteristics with respect to frequency. The tolerance with respect to frequency
can be explained using the graph in Fig(10). The series and parallel resonance
networks are optimized to work at a particular point. Operating these resonant
tanks at their resonant frequency is the most efficient point of the system. For a
LLC tank, it has two resonant frequencies and working the system at its highest
resonant frequency will be more efficient. In the case of the modified LLC tank,
the resonant system has a unique gain, which grants flexibility. The LLC tank can
act as either a buck or boost depending on the frequency of operation. Working
the converter off resonance decreases the voltage stress across the capacitor. The
LCLC front end compensator is a modification of the series resonant compensator.
The double sided LCLC converter has appreciable tolerance to change in frequency.
Whereas, the dual LC compensator has minimum tolerance to change in the
operational frequency. The dual LC converter is operated at its resonant frequency,
at heavy loading conditions if the switching frequency varies slightly from the
resonant frequency the gain and efficiency of the converter takes a nose dive.
However, the double LCLC and dual LC converters are usually operated at fixed
frequency as the change in the capacitive interface does not affect the resonant
frequency of operation.
3. Power Levels: is one of the most important part when it comes to the design of the
CPT system. In the case of a CPT system high power would mean a power level
upwards of 3KW.
Small air-gap compensator’s: all the compensator’s available for small distance
applications can be used for both low and high power applications if the value of
capacitance is in the order of few nano-farads. If the value of capacitance is in
the order of picofarads, the compensation networks can be used in very low power
applications such that high voltages are not built across the capacitive interface.
The series -parallel compensator [12] is proven to transfer 20 times greater power
than the highest value previously reported in literature. Among them, the series
and the series parallel topologies cannot be used for high power applications as the
converter cannot be operated with a wide range of input voltage/load variations
and has large circulating currents. Therefore, the modified LLC topology is chosen
as it as good reliability, high efficiency and can regulate the output for a wide
variation in the input.
Large air-gap applications: the double sided LCLC and dual LC networks can be
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FIGURE 4.19. Efficiency characteristics of various networks at various power
levels
used for both small and large distance applications. The topologies can be used for
both low power and high power applications. The double sided LCLC topology has
a constant current output whereas the dual LC topology has a constant voltage
output.
4. Power Flow Control and output voltage regulation:is the next most important
part of the analysis. Controllers for resonant converters range from classical linear
approach designed to operate at a single point to non-linear complex schemes. There
are plenty of controllers available for resonant converters they are Phase shifted
controllers, Variable duty cycle control (VDC), asymmetrical voltage cancellation
(AVC ), Asymmetrical voltage clamped, variable frequency, voltage control oscillator
etc .
Fixed frequency control and variable frequency control are used extensively in
the field of power electronics. Both the control strategies have their own set of
pros and cons. When we look at the variable frequency controller, the system costs
less, has low power conversion efficiency, overall lower cost and has low losses.
However, the variable frequency approach has its set of disadvantages. One of the
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FIGURE 4.20. Efficiency characteristics of various networks at various power
levels
Table 4.5: Controllers and Compensators
Control Series S-P LLC Dual LC DS-LCLC
Phase Shifted Yes Yes Yes Yes Yes
VDC Yes Yes Yes Yes Yes
ADC/ACM Yes Yes Yes Yes Yes
Variable Frequency Yes Yes Yes No No
VCO Yes Yes Yes No No
primary advantage of the fixed frequency control is containment of the amount
of harmonics. At a constant frequency, the converter generates specific harmonics
that would only change in magnitude as per the control. The second advantage





Two capacitive power transfer chargers are proposed for small and large air gap applica-
tions.
1. A modified LLC topology is proposed which could overcome the drawbacks of
the existing topologies used for CPT systems in small air gap applications. The
converter proposed can be used in high power applications and the converter has a
very high power density. The working principle of the CPT systems are detailed
in the first section of the paper along with the power electronics requirement and
importance of coupling capacitance. The analysis and design of the modified system
is detailed. A 1KW system is designed and efficiencies upwards of 90% is recorded.
The advantages and characteristics of the converter with respect to the traditional
CPT system are detailed in the last section. It is evident that the modified LLC
topology is a good candidate for small distance and high power application in the
field of CPT systems.
2. A dual LC compensator is proposed for long distance applications. The working
principle along with the analysis of the topology is given in detail. The topology has
less passive components than the double sided LCLC and LCL compensator’s. Has
easy of construction. The proposed converter has a constant voltage output. The
converter possesses very high efficiency and can be used for power levels ranging
from low to high.
3. A Comparison of the proposed topology with respect to existing compensator’s has
been undertaken. We notice that the LLC compensator out performs the existing
small air-gap, high power compensator’s. The Dual LC compensator behaves as
good as the double sided LCLC compensator and can be used for large air-gap and
high power applications.
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POWER FLOW, CONTROL AND REGULATION
From Chapter 4, we get an overview of the working and behaviour of the two modified
capacitive power transfer system. The control for LLC topology is widely available and
therefore this chapter, focus on the control aspect of the dual LC topology. The application
the controller is developed for is an industrial electric vehicle application (IEV). Two
controls are developed for the dual LC topology.
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5.1 Industrial Electric Vehicles
In recent years, we notice the rise in the use of Electric Vehicles. The EVs would
eventually be the next generation of transportation, as plenty of resources has been
invested to study the area for the betterment of the world. There are few vehicles termed
as industrial electric vehicles (IEVs) that have been in existence much before the present
day electric vehicles. Vehicles such as fork lifts, golf kart’s, sports ATVs, snowmobiles,
airport cargoes trucks etc. are termed as industrial electric vehicles. The chapter mainly
focuses on the development and control of a CPT based Industrial electric Vehicle
Wireless Charging System. The battery packs situated are on the vehicle. Generally,
charging of the vehicle can be done either by on-board or off-board charging. In an
on-board charger, the rectifier stage is present on the on the vehicle and the power
coming to the vehicles is going to be in form of AC which is rectified and supplied to the
battery. Whereas, in an off board charging system, the converter has a DC output which
is supplied directly to the battery pack. These are the two chargers that are present.
When we look at introducing the wireless technology into the charging of vehicles, we
utilize the on-board charging. Where the AC power is converted into DC on the vehicle
and charges the battery. The output of the rectifier is connected to a buck or boost stage
as per the voltage of the battery pack.
The IEVs are generally equipped with an on-board battery pack of 48VDC or 72VDC.
The automotive regulatory standards impose the use of an isolated converter topology
for on-board charging topology. With the use of wireless charging technology, the power
transfer system inherently possess a galvanic isolation. It is very cost effective and
efficient to use wireless charging without any additional isolation in the design. Wireless
charging is possible using electromagnetic power transfer and electro static power
transfer. In this chapter a contactless CPT system is engineered for the charging of IEVs.
The block diagram of the wireless charging system is detailed in figure 5-1. For
the implementation of the CPT system, we consider the use a Class-D amplifier. The
Class-D amplifiers is selected as it has very few components and can be used for medium
power, high frequency operation, reduced components and ease in controllability. Due to
resonance, the losses in the charger are reduced ensuring high efficiency of the system.
The supply DC voltage at the DC link of the converter is generally 400V. The IEVs have
a ground clearance ranging between 5cm to 20cm depending on the application. For
example, a floor car would have a ground clearance of 5cm, whereas a golf kart would
have ground clearance of about 15cm. Therefore, we consider the use of the dual LC
86
5.1. INDUSTRIAL ELECTRIC VEHICLES
FIGURE 5.1. Schematic of a Contactless Capacitive Wireless Charger
compensation topology for the transfer of power over large distances
5.1.1 Features and Specifications of the Capacitive Power
Transfer System for Battery Charging Applications
Features: The main aim of the Capacitive Wireless Charger is to provide the wireless
technology which is very flexible and cost effective.
1. The use of wireless technology eliminates the need for bulky power chords and
in-turn reduces electrical hazards.
2. The charger costs 40% cheaper than the present inductive wireless chargers.
3. The use of capacitive coupling which is a non-radiative technology, has high toler-
ance towards misalignment and highly efficient.
4. Eliminates the need for expensive magnets and inductors used in magneto dynamic
and inductive power transfer systems.
5. As the converter is resonant in nature, it makes the product compact and power
dense.
6. Unlike IPT systems, CPT can be used to transfer power over metal barriers.
7. Cause of its low power consumption can be integrated with other circuits and has
simplicity in construction.
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8. Eliminates the need for additional DC-DC converter at the output to obtain the
desirable voltage as per the requirement of the battery.
Specifications: The characteristics mentioned above make the Capacitive Power
Transfer System a great contender for wireless power transfer for battery charging
applications. Looking into Level 1 wireless capacitive charging systems. A level one
charger has a output power rating ranging between 1KW to 2KW. The supply to the
charge is from a common house hold 110V 16A supply. The AC component is rectified
into DC and transferred to the next stage that comprises of the power factor correction
and boost stage. The output of this stage is given to a DC link capacitor which stores the
DC components of the system. The DC link capacitor behaves as a constant DC source
which acts as an input to the Capacitive Power Transfer system.
Power Output = 1KW
Inverter input = 400VDC
Variation in the inverter DC voltage = 20% (worst case assumptions)
Therefore VDC,max = 480V and VDC,min = 320V
Battery Pack Voltages = 48VDC — 72VDC
Converter Output Voltage Range = 48VDC ‚Äì– 100VDC
The capacity of the battery pack varies as per the need of the application. The input
of the CPT is 400VDC and the system is operated at resonant frequency. At this instant,
the output voltage of the CPT system is 400VDC for a full bridge inverter and 200VDC
for a half bridge inverter. Therefore, in such cases, a buck stage is added to the output of
the rectifier to achieve the required DC value. The average efficiency of a buck converter
ranges between 85%-88%. Therefore an extra stage is being added to the existing system.
However, we can control the output of the rectifier by various techniques without the
need of an additional stage and ensure high overall efficiency of the system. In our case,
controllers are developed to for the control of the CPT system from the output of the
rectifier.
5.2 Need for Control and Types of Control
The dual LC compensation topology proved to be the best suited for large air gap
applications. The input to the charger is a 400V DC across the DC link capacitor which
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is placed after the UPFC stage. The Voltage of the battery pack in the case of industrial
vehicles generally range between 48VDC and 72VDC. Therefore, the output voltage of
the system must be equal to the nominal battery pack voltage. We cannot connect a
charger with 400V at its output to a battery pack which has a nominal voltage of 48V.
This is usually done with the help of a buck or boost converter as per the output of
the charger and the requirement of the charger. The main aim as per our requirement is
to eliminate this additional buck or boost stage. In order to do so controllers have to be
developed.
FIGURE 5.2. Gain Characteristics of the Dual LC topology
Given the gain curve of the dual LC converter is shown above. There are two kinds of
controls that coupled be implemented in the case of the dual LC converter. They are:
1. Variable Frequency Control: By this method we can operate the converter at a
frequency at which the gain of the system would result an output of 48V or 72V.
This is only possible when the load of the system is high, resulting in high quality
factor thereby, allowing the use variable frequency control. However, the resistance
offered by a good battery pack is low. Hence, resulting in low quality factor. The
quality factor can be increases by increasing the operational frequency or the value
of the inductance. This would cause sizing issues hence, they are maintained at an
optimal range. Therefore, in such instances the quality factor of the converter is low.
The resultant is a very steep voltage gain curve. The operation of the system with
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variable frequency becomes impossible, because if there is the slightest variation in
frequency. The voltage decreases drastically. The second problem that arises, is that
the gate drive would not be able to provide the exact frequency for the operation
of the system. Due to the following drawbacks, a variable frequency controller is
generally not preferred.
2. Fixed Frequency Control: is the next form of control that could be employed for
the control of the converter for IEV charging. The control of the system can be
achieved by varying the duty cycle of the inverter. The inverter is operated at its
resonant frequency where the gain of the converter is equal to unity. By varying the
duty cycle we can vary the conduction time of the switches that help us to attain
the desired output. There are various modulation techniques that are associated
with the fixed frequency control. There are advantages and drawbacks considering
the type of control that is being implemented.
5.2.1 Fixed Frequency Controllers
The control systems that control and regulate the output voltage parameter without
varying the frequency of operation are termed as fixed frequency controllers. The main
objective is to design a CPT system which can produce an output ranging from 48V to
72V DC from an input of 400VDC. The converter is realised for both half bridge as well
as a full bridge topology. The various types of controls that are available when we speak
about fixed frequency operation are:
1. Duty Cycle Control (ADC)
2. Phase Shift Controller (PS)
3. Asymmetric voltage cancellation Control (ADC)
Out of the three above, the duty cycle control and phase shifted control is implemented
to achieved the desired characteristics of the charger.
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Variable Duty Cycle Control
The control of the output voltage is achieved by varying the conduction period of the
converter. Switching pulses of the converter would help in a better explanation of the
control strategy. Considering an asymmetric half bridge inverter. The control using duty
cycle control is quite straight forward and the easiest way to control the output of the
converter. The controller logic is detailed in the figure below.
FIGURE 5.3. Controller schematic of the CPT system
Normal Operation
At the moment the current through the inverter is negative and current flows through
the body of the switch S1, this period exists between To and T1. As the current becomes
positive, the current flows through the switch S1 during the time period T1 and T2. At
T2 the gating pulse is removed, ensuring the MOSFET S1 is turned off. When Vin = Vout
Control Operation
When the controller is operated. Mode 1: T0 to T1; in this region, the negative inductor
current flows through the body diode of the switch S1. The current increases and reaches
the zero crossing at point T1.
Mode 2: T1 to T2; at this instant the current in the inductor is positive and the
current flows through the switch S1. The current reaches its peak and the current is
reverse and steady decreases until it reaches point T2.
Mode 3: T2 to T3; the current in the inductor is negative at the starting of the period.
The current decreases until it the switch S1 is turned off at point T3. At point T3, the
switch S2 is turned on and the negative current free wills through the switch S2 until
the gating pulse of S2 is removed.
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FIGURE 5.4. Open loop operation of the LC converter using an AHB
FIGURE 5.5. Control Operation of the Dual Resonant converter
Therefore, we notice that the controller has the ability to manipulate the output
voltage by manipulating the duty cycle of the system. By varying the duty cycles of the
switches S1 and S2 we can obtain the desired value of output of the system.
Phase Shift Controller
is the second kind of controller that is designed to operate the CPT system. The sensed
voltage is compared with the reference voltage to generate the error for the CPT system.
The difference is then fed to the PI controller. When the PI generates the error signal
which is phase shift circuit of the controller. The phase shift logic is illustrated in the
figure below.
The logic of the phase shift modulator is illustrated in the above figure. The error
signal from the PI controller is directed to a summer. The second input to the summer is
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FIGURE 5.6. logic of a phase shift control
the constant signal of amplitude 0.5. This is the duty cycle of the signals. The output
of the adder is directed to four more adders. The second input to the adders are the
carrier signal. The frequency of the carrier signal is equal to the switching frequency of
the converter. The second carrier signal is a phase shifted carrier wave. The very small
phase shit is introduced between the two carrier waves. The output of the summers are
given to a zero crossing detector (ZCD). At zero crossing the output of the ZCD is high.
The outputs of the ZCD‚Äôs are given to a SR ‚Äì flip flop.
FIGURE 5.7. Operation of S-R Flip Flop 1
From the above results we observe that the outputs of the zero crossing detectors are
given as the input to the SR flip flops. Due to the small variation in phase difference of
the carrier signal causes the difference in phase.
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FIGURE 5.8. Operation of S-R Flip Flop 2
FIGURE 5.9. Gate Pulses at when Vin =Vout
As per the signals received, the output of the SR flip flop will be will be in correlation
with the truth table. The outputs of SR flip-flops will have constant 50% duty cycle. In
this type of control, there is no variation of the duty cycle. However, the outputs of both
the SR slip flops would be phase shifted.
From the pulse we notice that as we vary the output voltage there is an overlap
of the pluses. In the region of overlap, the output voltage of the inverter is equal to
zero. Therefore, the fundamental of the inverter is varied using the phase shift control
methodology. Thereby, ensuring the variation of the output voltage.
The working of the inverter at 50%duty cycle is shown in the above figure. We observe
the output of the inverter has a max of 400 and min of 400.
The working of the system when input is 400V and the output is 48V. For 48V, the
controller phase shifts the switch of the converters in such a way that the average of
the output of the inverter is equal to 48V. Both the controllers can be used by AHB, half
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FIGURE 5.10. Gate Pluses when Vout is less than Vin
FIGURE 5.11. Normal Operation of the Inverter, Vin =Vout
bridge and full bridge inverters. For the modified dual LC topology duty cycle control
and phase shifted control are implemented. The duty cycle control is implemented for a
half bridge inverter and the phase sifted controller is being implemented for a full bridge
dual LC topology.
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FIGURE 5.12. Phase Shifted Control Operation of the Inverter, Vin is greater
Vout
5.3 Characterization of the Controllers
A good control system is a control system that is able to maintain the regulation of
the control variable to the desired value irrespective to the disturbances introduced
into the system. This is also termed as the robustness of the controller. Therefore, the
variable duty cycle control and the phase shifted controller of the system are checked for
robustness with respect to numerous change in parameters.
1. Variation in DC link voltage
The DC link capacitor usually maintains a stiff DC voltage and the ripple of the
voltage is maintained in the permissible range. However, due to the fluctuations
that occur in the line voltage, the voltage across the DC link varies as well. There-
fore, the stability of the controller with respect to change in the input DC voltage





Output of the CPT system ranges between Vout,max = 100V
Vout,min = 48V
Control Operation: The output of the half bridge inverter is 200V. The output is
maintained at 48V and 72V as per the requirement. From the results obtained,
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we notice that the controller has the ability to maintain a constant output with
variation in the DC link voltage. As the variations occur, we notice that there is a
small transient that occurs and the controller stabilizes the output voltage to the
desired value.
2. Behaviour with Respective to change in Reference: The output of the system is
controlled by the value of reference that is given to the controller. Therefore the
controller must have the ability to track the reference. The output tracking the
reference is one of the major properties of the controller. This is one of the factors
that determine the robustness of the system.
3. Output Voltage vs Change in Load: It is important to document the behaviour of
the output voltage with change in load. The output of the CPT system is a constant
output at normal operation. We need to confirm that this behaviour exists even at
the desired output values we require.
4. Small Signal Perturbation: The operation of the CPT system ranges from few KHz
to few Mhz. The Capacitive interface does not produce any magnetic interference,
however the magnetics in the inductor begins to emit electromagnetic radiation
in the frequency it is being operated. The radiation would get introduced in the
controller as it would be picked up by as noise by the converter. The effect of the
noise has to be taken into consideration.
5. 1% Variation in the frequency: The CPT system is extremely sensitive to variation
of frequency at high loading conditions. Therefore, we test the converter at 1%
change in frequency to ensure the output of the converter is obtained as per the
required value. We consider 1% as it is a very big change when the operation
frequency is in the order of few hundred KHz.
5.3.1 Variable Duty Cycle Controller
The characterization of PI controller of a half bridge inverter dual LC resonant topology
is done based on the following techniques:
1. Variation in DC link voltage :
From the graphs above we observe that the output is maintained constant at the
desired value with 20% change in DC link voltage.
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FIGURE 5.13. control of the output with variation in input, Vout = 48VDC
FIGURE 5.14. control of the output with variation in input, Vout = 72VDC
FIGURE 5.15. control of the output with reference
2. Behaviour with Respective to change in Reference:
In this case, the input to the inverter is kept constant and the reference that we
require is varied over an entire range. The output of the converter follows the
reference. Therefore, we understand that the controller has good response with the
change in reference (figure 5.15).
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3. Output characteristics vs various loading conditions: The output characteristics
of the converter is plotted with respective to load. From the graphs we see that
the system has an efficiency of 89% at 48V and the efficiency increases as the
output voltage increases for a constant load profile. The reason why the efficiency
increases is cause of the losses in the system.
FIGURE 5.16. output voltage characteristic of the system
As the voltage increases the power of the system increase and hence the conduction
losses of the system saturate and therefore the losses of the converter become
insignificant compared to the power level. This is the reason why high power
systems have high efficiencies compared to low power systems. In low power
systems most of the power is lost in the form of voltage drops across the parasitic
elements. From the second graph we understand that the output voltage of the
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system remains constant with the variation of the load therefore having as a
constant voltage source.
4. Small Signal Perturbation:
FIGURE 5.17. Perturbation introduced into the system, 1mV to 1V for a range
of frequencies
From the above figure, we notice that disturbance is introduced into the reference
of the system. Various amplitude and frequencies of disturbances where introduced
into the system to see if this would lead the system into an unstable region of
operation.
5.3.2 Phase Shifted Controller
The phase shift controller is implemented for a full bridge inverter. The control can be
applied to AHB and half bridge circuits as well. There are only two gate pulses that we
obtain from the SR flip flops that drive the system. The reason we use a half bridge is to
understand the differences in efficiencies that we would expect from using a half bridge
and full bridge converter.
1. Variation in Line Voltage: We observe that the phase shift controller maintainers
the output voltage equal to the reference that is setup under variations in input
voltage.
2. Change in Reference: We observe that the phase shift controller has a very good
control with respect to the variation in the reference. The reference is varied from
400V to 48V, we observe that it takes few milliseconds for the controller to catch
up with the reference and follows the reference of the system.
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FIGURE 5.18. control of the output with variation in input, Vout = 48VDC, PS
Controller
FIGURE 5.19. control of the output with variation in input, Vout = 72VDC, PS
Controller
3. Output characteristics vs various loading conditions: The system was simulated
for various output voltages keeping the voltage constant. We observe the system
has least efficiency when the output voltage is lower as most current is drawn
making the system efficiency to drop. Due to the presence of 4 active switches the
parasitic effect of the system is more than the half bridge, eventually leading to
decrease of efficiency. The variation of the load has no effect on the output voltage.
Therefore, we can say that the system works as a constant voltage source. Given in
the graph in figure 5.21.
4. Small Signal Perturbation : The Controller is robust enough to withstand the small
perturbations that it is subjected too. We see that even with noise of 1A, the control
still maintains the output of the converter to the desired value. The working of the
controller is illustrated in figure 5.22.
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FIGURE 5.20. control of the output with reference
5.3.3 Advantages of fixed frequency control over variable
frequency control
Fixed frequency control and variable frequency control are used extensively in the field
of power electronics. Both the control strategies have their own set of pros and cons.
When we look at the variable frequency controller, the system costs less, has low power
conversion efficiency, overall lower cost and has low losses. However, the variable fre-
quency approach has its set of disadvantages. One of the primary advantage of the fixed
frequency control is containment of the amount of harmonics. At a constant frequency,
the converter generates specific harmonics that would only change in magnitude as per
the control. The second advantage is the implementation of the fixed frequency control
is simpler than the using a variable frequency control. The fixed frequency controller
gets the job done, by varying the fundamental of the inverter output. Whereas, when we
consider the case of a variable frequency controller, the harmonics of the system varies
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FIGURE 5.21. output voltage characteristic of the system
FIGURE 5.22. Small perturbations introduces in the controller
which makes the design of the filters extremely hard. Therefore, imposing a problem on
the containment of EMI. With variable frequency approach the output voltage ripple
is greater than a fixed frequency methodology. For battery charging applications, fixed
frequency controllers are the most popular choice for Design Techniques for extending
Li-Ion battery Life. We understand that, most of the battery operated systems spend
most of their time in low power either standby or sleep mode. Therefore this makes the
demand on the system relatively low, over a period of time the currents add up and the
life of the battery is compromised.
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5.4 Summary
The Chapter deals with the control and regulation of the dual LC topology for long
distance applications. The control is implemented for an IEV system, as they have
a battery pack voltage of 48V. The reason is that, when the voltage is stepped down
from 400V to 48V. At 48V, for a 1KW charger, the current drawn by the battery would
be large. Therefore, the losses will be amplified. We observe that the system exhibits
good efficiencies. The reasons to use fixed frequency control over variable frequency
control where discussed. The variable duty cycle and phase shift control where discussed.
Both the controls exhibit robustness with respect to change in various parameters. The
variable frequency control is preferred as it is simple and cost effective. Finally, an IPT
and CPT system has been compared based on simulation results. As the proposed CPT
system has a very good efficiency, less expensive, gives better performance and is easy to










CONCLUSION AND FUTURE WORK
The thesis focuses on new wireless power transfer system termed as capacitive power
transfer systems. The system was primarily used only for low power applications. Chapter
1 details the introduction of the system and gives us a brief overview of the principle of
operation. Moving forward, the various compensation topologies are detailed out. The
pros and cons of every topology has been looked into. Most of the traditional topologies
have numerous disadvantages and therefore cannot be used for various high power
and long distance applications. We also notice that the efficiency of these converters
usually range between 70% - 81%. To design a highly efficient system the behaviour of
the coupling capacitors have to be looked into.
The later chapter in the thesis discuses on the various factors that affect the value
of coupling capacitance. A finite elemental software was used to compute the value
of capacitance’s and calculate the values of coupling coefficient. We, observe that the
bipolar configuration has the best coupling coefficient with respect to the unipolar and
the compact power transfer topology. Based on the analyses, a guidelines for the design
of capacitive interfaces for small distances applications where listed which could be used
for future uses.
Based on the limitations of the system an existing converter was modified to fit
a CPT system for small distance applications. The modified LLC resonant topology
exhibited exceptional results compared to the other existing topologies. The converter
has the ability to ensure ZVS on the entire system making the system efficient and power
dense. The modified LLC topology has the best performance with respect to the present
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converters for small air gap applications. Apart from the efficiency point of view the
converter has good tolerance with respect to change in distance and change in frequency.
Transfer of power over large distances where most importance. The dual sided
modified LC topology has been implemented. The topology has very low voltage stress
across the capacitors for far distance applications. The system works on the principle of
placing the capacitive interface between two resonant circuits. Thereby we can achieve
power transfer for large air gap with low voltage stress developed across the plates of
the capacitor. The topology can be applied to large air gap applications. The analysis of
the complete system has been completed.
Based on the Dual LC topology, two control strategies are implemented for the system
which ensures the use of the converter for IEV charging systems. The variable duty cycle
and phase shifted control exhibit exceptional control. The advantage of fixed frequency
control over variable frequency control has been discussed. The numerous advantages of
the CPT system makes the wireless system as an unparalleled contender in the field of
wireless power transfer
6.0.1 Contributions
1. A comprehensive review on the existing capacitive has been document that would
be extremely useful for the individuals that are looking to working the area of
capacitive power transfer.
2. The behaviour and characteristics of the coupling interface have been reported
with respect to various parameters such as frequency, environment etc.
3. A modified LLC CPT system has been proposed for small air-gap (less than 1cm)
and high power applications. From, the comparison of the proposed topology with
other existing compensator we see that the system has very high efficiency, has
good tolerance with respect to distance, misalignment and change in frequency.
4. The problem with CPT system was the distance of power transfer. For this case, a
Dual LC compensator has been proposed. The compensator can be used in applica-
tions ranging from low to high power. The advantage of the proposed topology is
that it has less passive components compared to the other multi resonant compen-
sator’s that are available for long distance applications. The voltage stress across
the capacitive plates is minimum. The topology performs with respect to change in
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distance, however, the system cannot be used at variable frequency at high loading
condition due to its voltage gain characteristic.
5. Both the converters can work under 500KHz. Usually in CPT systems, the CPT
system is designed to work in few MHz range due to the development of high
voltages.
6. The last chapter deals with control of the dual LC CPT system. An example of
an IEV has been considered to develop a wireless CPt charger. As the IEVs have
battery packs ranging between 48V to 72V DC, a controller is required to get the
output voltage in the required range. Therefore, variable duty cycle and phase
shift control has been designed. The characteristics of the controller with respect
to change in DC link, change with respect to reference, load characteristics and
small signal perturbation has been studied.
6.0.2 Future Work
1. As the area of wireless power transfer is relatively new, the system is in its infancy
stage. It would be beneficial if any behavioural changes of the CPT system can be
reported. There are plenty of applications use CPT system as an interface. Focus
on the behaviour and analysis rather than the application is of prim importance.
2. Simulation of the entire system with the help of finite elemental software’s. There
are not many good software’s available for the simulation of electrostatic systems.
3. Primary and secondary side control of the CPT system can be looked into. The
possibility of controlling the switching of the inverter based on the voltages of
currents in the primary side of the CPT system. Similarly, the use of secondary side
control by using active switches instead of diodes which would give us total control.
Hence, the communication protocol can be eliminated. The use of predictive model
of the system would be an area of interest.
4. Implementation of other topologies that could reduce the voltage stress across the
capacitors to a lower voltage than that was achieved. As the area is new, there is
no regulations have to made to realize safety of operation.
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